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The criminal use of explosives has increased in recent years.  Political instability and the 
wide spread access to the internet, filled with “homemade recipes,” are two conjectures for the 
increase.  C-4 is a plastic bonded explosive (PBX) comprised of 91% of the high explosive RDX, 
1.6% processing oils, 5.3% plasticizer, and 2.1% polyisobutylene (PIB).  C-4 is most commonly 
used for military purposes, but also has found use in commercial industry as well.  Current 
methods for the forensic analysis of C-4 are limited to identification of the explosive; however, 
recent publications have suggested the plausibility of discrimination between C-4 samples based 
upon the processing oils and stable isotope ratios.  This research focuses on the discrimination of 
C-4 samples based on ratios of RDX to HMX, a common impurity resulting from RDX 
synthesis.  The relative amounts of HMX are a function of the RDX synthetic route and 
conditions.  RDX was extracted from different C-4 samples and was analyzed by ESI-MS-SIM 
as the chloride adduct, EI-GC-MS-SIM, and NICI-GC-MS.  Ratios (RDX/HMX) were calculated 
for each method.  An analysis of variance (ANOVA) followed by a Tukey HSD allowed for an 
overall discriminating power to be assessed for each analytical method.  The C-4 processing oils 
were also extracted, and analyzed by direct exposure probe mass spectrometry (DEP-MS) with 
electron ionization, a technique that requires less than two minutes for analysis.  The overall 
discriminating power of the processing oils was calculated by conducting a series of t tests.  
Lastly, a set of heterogeneous commercial blasting agents were analyzed by laser induced 
breakdown spectroscopy (LIBS).  The data was analyzed by principal components analysis 
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CHAPTER 1: BACKGROUND 
Introduction 
 An explosive is a chemical material that produces an explosion or detonation by means of 
a very rapid, self-propagating transformation of the material into more stable substances, 
accompanied by the liberation of heat and the formation of gases [1].  Explosives can be grouped 
in several different ways.  The most common classification of explosives involves grouping them 
into two broad categories: low explosives and high explosives.  The division of explosives into 
these two categories is dependent upon their speed of reaction.   
Low explosives are combustible substances, which decompose rapidly (deflagrate) and 
under normal situations do not detonate.  They are mixtures, not pure compounds, which are 
normally employed as propellants found in ammunition.  For low explosives to produce an 
explosion, they must be confined.  Those explosives classified as low explosive have a reaction 
speed near or below the speed of sound, which is 1086 feet per second, and exhibit a pushing or 
heaving power [2].  Black powders and smokeless powders are the low explosive of choice for 
“small time” criminals.  When combined with small quantities of sulfur, charcoal, and an 
oxidizing agent, such as potassium nitrate, the powders can be confined in a pipe or other 
container and detonated with a fuse or blasting cap. 
High explosives can be divided into three groups: primary explosives, secondary 
explosives, and tertiary explosives.  They can also be divided into three other categories: 
military, commercial, and improvised.  High explosives are pure substances with an intended use 
for mining, demolition, and destruction by means of military warheads.  High explosives work in 
unconfined spaces, unlike those of the low explosives [2].  High explosives are those with a 
 2 
speed of reaction significantly greater that the speed of sound, with explosion velocities over 
20,000 feet per second, and that exhibit a shattering power [2, 3].   
Primary explosives are those which are extremely sensitive to shock, heat, or friction, and 
will detonate with ease.  These explosives are used in blasting caps, which are used to detonate 
secondary explosives.  Some examples of primary explosives are lead azide, tetrazene, and 
diazodinitrophenol.  Secondary explosives are insensitive to heat, shock, or friction, and require 
an external blasting cap for a detonation boost.  These explosive are sometimes referred to as 
base explosives.  Some examples of secondary explosives are TNT, RDX, HMX, and PETN.  
The third category, tertiary explosives, also called blasting agents, are relatively insensitive to 
shock, heat, or friction.  They are used primarily in large-scale mining and construction.  They 
cannot be detonated completely by practical quantities of primary explosives and require a 
secondary explosive intermediate booster.  Some examples of blasting agents are ammonium 
nitrate and fuel oil (AN/FO), slurries, and water gels. 
 
Blackpowder 
 Blackpowder, or gunpowder, was the first recorded explosive composition in history, and 
consequently the first military explosive and the first commercial explosive.  It was accidentally 
discovered by a Chinese alchemist in 220 BC, who was attempting to separate gold from silver 
in ore.  It was not until the 15
th
 century, when the mixing and corning process was introduced 
and perfected, that blackpowder was used for munitions.  By the 16
th
 century, blackpowder was 
being used for civil engineering projects such as the drudging of the River Niemen in Northern 
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Europe.  The limitations of blackpowder as a blasting agent were soon noticed, and by the mid 
19
th
 century, the search for a better, more efficient explosive was on [4].   
 
Military Explosives 
 Military explosives are those explosives that are used in shell fillings, artillery rounds, 
and for demolition charges.  Picric Acid (trinitrophenol) was most likely the first explosive 
solely used for military munitions.  Its explosive potential was discovered in 1894 and soon was 
accepted all over the world as the basic component for military use.  Picric acid proved to be 
very problematic.  Its salts are sensitive and prone to accidental initiation.  The presence of water 
can cause corrosion of the shell in which it is contained, and requires prolonged heating at high 
temperatures for it to melt.  Picric Acid was soon replaced by TNT (trinitrotoluene), and by 
1914, TNT was the standard explosive component for all military munitions during World War I 
[4].  After World War I, major research was conducted across the globe to find new, more 
powerful explosives.  The results of those research programs yielded two high explosives 
nitramines, RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine) and HMX (octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine).  Both of these high explosives were widely used during and after 
World War II [5].  
 
Plastic Bonded Explosives 
 Plastic bonded explosives, also known as polymer-bonded explosives (PBX), were 
introduced in the early 1950’s as a way of reducing sensitivity of the newly synthesized crystal 
explosive.  This is achieved by embedding the crystals of a given explosive(s) (80-90%) into a 
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putty-like polymer matrix (10-20%).  PBXs also are machineable, which allows complex and 
rigid three-dimensional shapes to be created and maintained.  Other characteristics include high 
mechanical strengths, high detonation velocities, and excellent stability [5].  Most PBX 
compositions contain RDX, HMX, and PETN or a mixture of these explosives. 
 Recently, inert polymers have been replaced with energetic prepolymers, increasing 
performance without being vulnerable to accidental initiation.  However, in the last fifteen years, 
it has become apparent that PBXs containing an energetic or inert polymer are more sensitive to 
impact than compared to traditional compositions.  This issue has been resolved by the addition 
of plasticizers, improving processability and mechanical properties, while reducing the overall 
sensitivity.  Energetic plasticizers have also been developed for the use in PBXs [4].    
 
RDX and HMX Synthesis 
 Hexahydro-1,3,5-trinitro-1,3,5-triazine, also known as RDX, cyclonite, hexogen, and T4, 
is considered the most important high explosive [6].  No consensus has been reached as to the 
origin of the RDX acronym, though two of the more commonly encountered interpretations are 
Royal Demolition eXplosive and Research Department eXplosive.  It is thought the that the latter 
interpretation has more validity due to the fact that in the United Kingdom, new explosives were 
given an identification number preceded by the letters “RD” that indicate “Research and 
Development”.  However, RDX was never given a number, but rather an “X” was appended to 
indicate an “unknown,” with the intention of adding the number later.  The alleged reason that a 
number was not assigned is that the department responsible for issuing the numbers was 
destroyed by an explosion.    
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 In its pure form, RDX is a stable, white, orthorhombic crystalline powder having a figure 
of insensitivity
1
 value of 80 [7].  At room temperature, RDX burns rather than explodes.  RDX is 
considered the most important military explosive in modern day use due to its high brisance, 
stability in storage, and  low sensitivity to impact and friction, all which make it a very desirable 


















                                                 
1
 The figure of insensitivity (F of I) is the inverse scale of the measure of sensitivity of an explosive substance.  It 
was once defined such that TNT had an F of I of exactly 100.  RDX is approximately 20% more sensitive than TNT.  
Later the scale was adjusted to RDX having a F of I of exactly 80 since RDX had over taken TNT in use of shell 
filling. 
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Table 1: Chemical and physical properties of RDX 
RDX  
    
                               
 
   
Molecular weight (g/mol) 222.1 
Crystal density at 20°C/g cm
-3
 1.82 
Crystal form Orthorhombic 
Melting temperature (°C)   
     Type A RDX 202-204 
     Type B RDX 192-193 
Decomposition temperature (°C)  213 
Thermal ignition temperature (°C)  260 
Detonation velocity (m/second) 8,639 
 
 Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine), also known as HMS, octogen, 
tetrazocine, tetrahexamine, tetranitramine, cyclotetramethylene teranitramine, and 
Cyclotetramethlylene-tetranitroamine is a powerful nitroamine high explosive chemically related 
to RDX.  Like RDX, HMX has several speculations as to the meaning and origin of the acronym, 
including High Melting eXplosive, High velocity Military eXposive, and Her Majesty’s 
eXposive.  HMX is an eight member heterocyclic ring structure.  Due to its high density and 
high detonation rate, HMX yields more energy per unit volume, making it one of the most 




Table 2: Chemical and physical properties of HMX 
HMX 
    
    
Molecular weight (g/mol) 296.2 
Crystal density at 20°C/g cm
-3





Crystal form polymorphic 
Melting temperature (°C) 275 
Decomposition temperature (°C)  280 
Thermal ignition temperature (°C)  335 
Detonation velocity (m/second) 9,100 
 
 RDX and HMX are rarely used in the pure form, but rather as components in plastic 
explosive mixtures [8, 9].  The one particular plastic explosive mixture of interest in this work is 
composition C-4, widely used for military applications.  The actual composition of C-4 is 
summarized below.  Its major component is RDX at approximately 91%, followed by plasticizer 
at approximately 5.3%, polyisobutylene at approximately 2.1%, and motor oil at approximately 
1.6% [10].   
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Table 3: Composition of C-4 [10, 11] 
  
 
 RDX and HMX are most commonly prepared by the nitrolysis of hexamine.  The twelve 
CH2-N bonds in hexamine can undergo scission and nitrolysis of varying extents, resulting in 
transient intermediates and several different products, many of which are too unstable for 
isolation [6]. HMX is one such impurity found in crude RDX made via the nitrolysis of 
hexamine.  Unlike impurities that are undesirable because they increase impact sensitivity, lower 
thermal stability, and lower the melting point of the crude RDX, the presence of HMX is not 
undesirable if RDX is to be used as an explosive.  Undesirable impurities can be removed by a 
process called “degassing,” in which the impurities can be hydrolyzed by prolonged treatment 
with boiling water.  This process is practiced on an industrial scale.  Cyclic nitroamines, RDX 
and HMX, can be isolated in high yields from a reaction with high variability in products is that 
they are both the most chemically stable product compounds resistant to hydrolysis and other 
degradation reactions that can withstand the harsh conditions of nitrolysis [6].  Studies have 
shown that various fragments from the nitrolysis of hexamine can recombine to form either RDX 
or HMX, increasing the yields of RDX and HMX [6].   
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Herz/Hale Method 
 In 1899, RDX was first prepared by Hans Henning for medicinal purposes.  It was 
George C. Herz who later developed a method that would allow for direct nitrolysis of hexamine 
to form RDX, a task deemed impossible by Henning.  In this process, hexamine is introduced 
into fuming nitric acid freed from nitrous acid at temperatures of 20-30 °C.  Next, the completed 
reaction mixture is immersed into cold water, causing the RDX to precipitate.  Unfortunately, 
this reaction proceeded at such rapid rates, causing violent oxidation to occur resulting in either 
complete fume-off or extremely low yields of the product (approximately 2-3%) [12].  Perhaps 
the greatest outcome of the work done by Herz was the discovery of the explosive properties of 
RDX. 
In 1925, George C. Hale improved upon Herz’s process.  In his work, Hale determined 
that using 92% nitric acid gave higher yields of RDX around (60-68%), as opposed to the 100% 
nitric acid proposed by Herz.  He also determined that when hexamine is added to concentrated 
nitric acid, three separate and distinct reactions occur, depending upon the concentration of the 
nitric acid used (Equations 1-3), and that yields greater than 68% cannot be reached due to 









The nitrolysis of hexamine proposed by Hale is unattractive for large-scale production due to its 
low yields, high probability for violent oxidation, and high production costs. 
 
Woolwich Method   
 After Herz’s patent was published in 1920, Great Britain’s Armament Research 
Establishment at Woolwich began developing their own route to RDX.  The result of this 
research was a process known as the Woolwich process, and was based on the work of Herz and 
Hale.  The Woolwich process uses direct nitrolysis in which Hexamine is reacted with nitric acid 






 The early 1940’s showed promise for large scale production of RDX, including a process 
proposed by Bachmann, which gave the largest yield of RDX to date, about 88-92% of Type B 
(m.p. 192-193°C see Table 1) RDX.  The product of the Bachmann process yields a constant 
level of impurities, approximately 8-12% HMX, and trace amounts of the acetyl compounds 
SEX (1-acetyloctahydro-3,5,7-trinitro-1,3,5,7-tetrazocine) and TAX (1-acetylhexahydro-3,5-
dinitro-1,3,5-triazine). 
 
    
 
Figure 1: Structure of SEX and TAX, the acetylated derivatives of HMX and RDX 
 
This process was proven more economical and was soon adopted in Canada and later in the 
United States by the Tennessee-Eastman Company during World War II [4].  
 The process described by Bachmann and Sheehan in a 1949 article presents a method in 
which one mole of hexamine will result in two moles of RDX[13].  This was double the amount 





one mole of RDX.  In the Bachmann process, nitrolysis occurs by placing hexamine into acetic 
anhydride at a temperature of 75C in the presence of ammonium nitrate and 98-100% nitric 




Solutions of nitric acid in acetic anhydride are prone to dangerous “fume off” at temperatures 
above ambient.  This danger can be avoided by adding saturated solutions of ammonium nitrate 
in fuming nitric acid that then can be added to warm acetic anhydride.  Not only does the 
Bachmann process present a viable method for large scale production of RDX, but HMX was 
first discovered due to its significant yields as a byproduct in this synthesis.  The crude product 
of the Bachmann process melts over a range of only 2°C even though it contains approximately 
10% HMX and trace amounts of other impurities.    
 
Brockman Method 
In 1949, a process was developed by Brockman that yielded pure RDX without any 
impurities known as Type A RDX [4].  In this process, pure RDX is synthesized by the oxidation 
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of 1,3,5,-trinitroso-1,3,5-triazacyclohexane (I).  The oxidation yields 1-nitroso-3,5-dinitro-1,3,5-
triaxacyclohexane (II) as an intermediate which is subsequently converted into RDX with the 
addition of 30% hydrogen peroxide and 99% nitric acid at a temperature of -40°C as illustrated 
in the following reaction: 
 
 
Figure 2: The Brockman method for RDX synthesis 
 
 The Brockman process can result in yields as high as 75%.  The purity of the RDX 
produced in the Brockman process is based upon melting points.  Brockman points out in his 
article that RDX synthesized using the Hale process has a melting point of 202-203.5°C.  This 
indicates an impurity content, which Brockman determined to be HMX, of less than 1%.  
Repeated crystallization of RDX produced by direct nitrolysis with acetic acid finally yielded an 
RDX product having a melting point of 205°C, the melting point of pure type A RDX.  The 
RDX synthesized from the Brockman process yields a product having a melting point of 205°C, 
indicating pure crude RDX free from impurities [14]. 
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Summary of RDX synthesis 
 The different methods mentioned above for producing RDX each provide distinct 
characteristics that could possibly aid in the determination of the route taken to synthesize the 
RDX and possibly aid in discrimination.  RDX synthesized by direct nitration of hexamine, the 
Hale and Woolwich methods, would be distinctive in that the crude product would contain only 
trace amounts of the HMX impurity.  RDX synthesized using Bachmann’s method would yield a 
product containing a consistent amount of HMX and trace amounts of the acetyl products SEX 
and TAX.  The oxidation of 1,3,5,-trinitroso-1,3,5-triazacyclohexane would yield pure RDX with 
a melting point of 205°C, and would contain no impurities.  The presence or absence of 
impurities can not only indicate possible route of synthesis, but can also be used as a possible 
means for discrimination.  In the United states, RDX is synthesized by the Bachmann process, 
while the United Kingdom uses the Woolwich process [8].   
 
Commercial Explosives 
 Nitroglycerine was the first explosive used solely for commercial use.  Liquid 
nitroglycerine, and its explosive properties, was discovered in 1846 by an Italian professor 
named Ascanio Sobrero.  A few years later, a process for manufacturing liquid nitroglycerine 
was developed by a Swedish inventor, Immanuel Nobel.  Along with his sons (Alfred and Emil), 
Nobel began to license the construction of several nitroglycerine plants after the invention of the 
detonating blasting cap, which made nitroglycerine a useful explosive.  Alfred was concerned 
about the safety of nitroglycerine after the occurrence of several factory explosions, including 
one in 1864 in which his brother was killed.  Along with the plant explosions, several other 
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deaths occurred during the transport and use of nitroglycerine in the field.  Unlike blackpowder, 
in which the fuel and oxidizer were mechanically corned together, nitroglycerine is structurally 
more efficient, as it contains both fuel and oxidizer elements within the same molecule.  In 1875, 
Alfred Nobel discovered that a gel was formed when nitrocellulose (nitrated cellulose) was 
mixed with nitroglycerine, giving birth to gelatine dynamite. 
 As a result of the growing popularity of blackpowder and dynamite in the mining 
industry in the late 19
th
 and early 20
th
 centuries, there was an increase in dust and gas explosions 
with appalling casualties.  Several explosive materials were suggested as an alternative and the 
majority of these alternatives were ammonium nitrate based.  Ammonium nitrate has been used 
in explosives since it was first introduced as an oxidizer in nitroglycerin dynamite mixtures.  
Ever since commercial production of ammonium nitrate began, whether for explosives, 
munitions, or fertilizers, it has been produced in a granular form, consisting of small crystalline 
particles.  In the mid-1940’s, a new, more economical approach to manufacturing ammonium 
nitrate known as “prilling” was discovered.  Ammonium nitrate prills were produced in the same 
fashion as lead shots, in which the shot-tower concept was used.  This allowed for the 
economical production of small, absorbent, free-flowing, porous spheres of ammonium nitrate to 
be made, which are easily handled and stored[5].   
 
Ammonium Nitrate Fuel Oil (ANFO)      
In the 1950’s manufacturing of a new type of ammonium nitrate based explosive began.  
In 1953, a mining company in Indiana began experimenting with ammonium nitrate prills, 
combining them with ground coal with great success.  In 1955, other mining regions soon found 
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out that fuel oil worked better than the solid fuels.  Thus, ANFO (Ammonium Nitrate Fuel Oil), 
having a composition of approximately 94% ammonium nitrate and 6% fuel oil, was born.  The 
result of this new discovery was an almost overnight shift from dynamite based materials to 
simple fuel/oxidizer mixtures called “blasting agents.”  ANFO is not water resistant, has 
relatively low density and detonation rates, and requires a relatively large borehole; however, it 
still dominates the commercial blasting industry [5]. 
 
Slurry Explosives 
By the late 1950’s, the limitations of ANFO was soon recognized and new research was 
underway for ways to improve upon the downfalls of ANFO.  The first product to evolve was the 
slurry explosive, which consisted of ammonium nitrate (usually combined with another oxidizer 
such as sodium nitrate), water, and a gelling agent, commonly guar gum, and a high explosive or 
propellant material for sensitization.  The type of high explosive or propellant to be used was 
dictated by the patent used to make the slurry.  Aluminum, in powder, flake, or grained form, 
was often added for energy [5]. 
All water-based explosive products were classified as a “slurry,” but by the mid-1960’s, 
the group was divided into two distinct classes: “slurry” and “water gel.”  An explosive that is 
thickened, commonly by guar gum (a polysaccharide), but not cross-linked is considered a 
“slurry.”  Those that are cross-linked with a polysaccharide thickener, typically borax, which 
causes chemical bonds to form, are classified as a “water gel [5].”       
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Emulsion Explosives 
 Soon after water gels came into commercial use, another development was made in the 
commercial explosive field.  The new product was an emulsion explosive.  Originally developed  
in 1961, their value as commercial explosives wasn’t successfully recognized until the 1980’s.  
Contrary to slurries/water gels, which are thickened aqueous solutions of oxidizers and/or fuels 
and sensitizers/energizers, emulsions are mixtures of two immiscible liquids with one phase 
being uniformly distributed throughout the other, typically “water-in-oil” types, highly resistant 
to interactions or wakening by water frequently encountered in bore holes.  
 In emulsion explosives, the oxidizer portion of the mixture is drastically reduced in size, 
improving the efficiency of the detonation reaction.  This increase in efficiency is due to the use 
of highly concentrated solutions of ammonium nitrate or other oxidizing salts rather than dry 
prills as found in other explosive mixtures.  With precise processing methods and the correct 
choice of emulsifying agent (surfactant), the size of the oxidizer droplets can be reduced to the 
range of 2 to 10 μm in diameter.  Surrounding the droplets of oxidizer is a film of oil, wax, or 
fuel material, resulting in a mixture that comes as close as possible to mimicking the intimacy of 
the combination of oxidizer and fuel found in molecular explosives [5].  Two emulsifiers 
currently used in emulsion explosives are ethanolamine adducts of polyisobutylene succinic 
anhydride (PIBSA) and sorbitol mono-oleate (SMO) (Figure 3).  Ethanolamine PIBSA adducts 
are believed to be formulated principally for explosives [15]. 
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Figure 3: Structures of polyisobutylene succinic anhydride (A) and sorbitol mono-oleate 
(B). 
 
 The sensitivity of emulsions is dependent upon “hot spots,” which can be air bubbles 
created during the emulsification process, more often they are artificially created.  This can be 
done by chemical gassing or by the addition of solid “density control” materials such as perlite or 
microballoons.  The combination of economics and the purpose for which the explosive is to be 
used would dictate the crushing strengths to be used in the microballoons. 
 The latest advancement in the commercial explosive field is the combining of emulsions 
with ammonium nitrate or ANFO.  These combinations are often referred to as “heavy ANFO” 
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or “blends” and result in a waterproof ANFO.  This combination allows for its use in wet 
boreholes and allows the explosive engineer to tailor the detonation rate of the material to fit the 
needs of the project.  The relative insensitivity of the ANFO, slurries, water gels, emulsions, and 
blends have naturally lead to their use as bulk-loaded explosives [5].   
 
Forensic Importance 
The motivation of a person(s) to use explosives to commit criminal acts is important to 
identify.  The motivation may lead investigators as to the intended target, the type of bomb used, 
and the location of the bomb.  The motivation of bombers can be categorized into one of six 
classes: revenge, politics, insurance, extortion, coercion, and mental disorders [16].  The criminal 
use of explosives is not a new concept in the forensic science field (Table 4), however in recent 
years the motivation behind the use of explosives has shifted.  Criminal use of explosives in 
early years was a tool used mainly by individuals for personal gain.  For the most part, when 
explosives are used in this manner, the act is difficult to predict and consequently difficult to 
prevent.  More recently, the criminal use of explosives has evolved as a tool used by organized 
groups/cells to inflict terror resulting in large-scale damage and mass casualties with a goal of 
gaining attention towards the desired radical changes to a government and/or society in general.  
Since the attacks on the World Trade Centers on September 11, 2001, the subject of terrorism 
has been thrust into the limelight.  Unfortunately, it is now accepted that terrorist acts involving 








 The increased availability of information facilitated by the Internet has allowed for 
instantaneous access to thousands of “recipes” for explosives that previously would not have 
been readily available.  Many of these “recipes” only require items that are easily acquired, such 
as common household ingredients.  In addition, the Internet has allowed individuals to purchase 
chemicals required to synthesize explosive compounds.  Purchasing these chemicals was much 
more difficult prior to the emergence of the Internet.  Lastly, the Internet has allowed individuals 
access to all of this information and to chemicals, while simultaneously allowing them to almost 
completely conceal their identity.  Information and chemicals related to the making of explosives 
were available in the past, but they were much harder to acquire without drawing unwanted 
attention to the would-be criminal.  
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CHAPTER 2: PREVIOUS METHODS FOR ANALYSIS OF C-4 
RDX is the major component of C-4.  As mentioned in Chapter 1, the impurities 
associated with the synthesis of RDX will vary depending upon the synthetic method and the 
purity of the reagents.  Variations in the purity of RDX are a potential source of discrimination 
between C-4 samples. 
The process oils, or lubricating oils, component of C-4 is another area of variability.  
These oils are made up of complex organic mixtures that can vary from manufacturer to 
manufacturer.  In general, oils originating from different sources have sufficient variability in 
their composition to allow for differentiation [17].  The oils used in the manufacturing of C-4 
have shifted to multi-viscosity motor oils [11].   
   
Identification of C-4 
Infrared Spectroscopy 
 The identification of C-4 by infrared spectroscopy, specifically multiple internal 
reflectance (MIR) infrared spectroscopy has been described in literature [10, 18].  In work done 
by Keto, an extraction scheme was developed that allowed for the separation of RDX, 
polyisobutylene (PIB), and a third fraction containing the processing oils, plasticizer, and 
possibly residual PIB.  Each fraction of the extraction was then analyzed using MIR.  This 
method allows for rapid identification of C-4, which is similar in appearance to other plastic 
bonded explosives containing RDX such as Composition C-1, Semtex-H, and PVA-4. 
 23 
Direct Exposure Probe Mass Spectrometry 
 Direct exposure probe (DEP) is another analytical technique that has been used to 
identify a substance as C-4.  In a paper by Chen, RDX and HMX in C-4 were identified using 
direct exposure probe mass spectrometry (DEP-MS) in positive ion chemical ionization (PICI) 
mode with methane as the reagent gas [19].  The analysis was based upon the presence of several 
diagnostic peaks corresponding to the molecular weight of RDX and HMX ([M + H]
+
 , m/z 223 
for RDX and m/z 297 for HMX) and others corresponding to structural fragments.  The author 
determined that DEP-MS was a rapid method for the identification of an unknown explosive as 
C-4 by the presence of several diagnostic peaks unique to RDX and HMX.    
 
Differentiation of C-4 
Processing Oils 
Differentiation of C-4 based on the analysis of the processing oils by high temperature 
gas chromatography mass spectrometry (HTCG-MS) was discussed in a paper by Reardon and 
Bender [11].  Pentane was utilized to extract the lubricating oils from C-4 samples taken from 
two different commercial sources and from twelve different lots of military C-4.  The oils, 
plasticizers, and the lower oligomers of the PIB were contained within the pentane extract.  The 
plasticizer was removed from the pentane by passing the solvent through a silica solid phase 
extraction cartridge.  The resulting extract was analyzed via HTGC-MS with an initial oven 
temperature of 100°C holding for 1 minute and ramping 15°C/minute to a final temperature of 
370°C, holding for 5 minutes [11].  HTGC-MS is an ideal method for separating high molecular 
weight hydrocarbons.   
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The results from Reardon and Bender’s research determined that the processing oils in C-
4 are homogenously distributed within a single block of military C-4.  This was demonstrated by 
sampling and extracting from nine different areas, from both the surface and the core of a single 
block of C-4.  Discrimination was achieved from all but two of the C-4 samples originating from 
different lots produced during a thirty-year span.   
According to Reardon and Bender based upon information gathered regarding how lot 
numbers are assigned to lots of C-4 at the Holston Army Ammunition Plant (AAP), a single lot 
of processing oils is not equivalent to the amount of processing oils needed to synthesize a single 
lot of C-4 and vice versa.  Military C-4 is produced in 3000 kg batches, and multiple batches are 
combined to make one lot, which is given a single lot number.  Because of the amount of process 
oil needed to generate one batch, more than one lot of process oil may be used for several 
batches of C-4.  Thus one lot of C-4, which is comprised of multiple batches of C-4, and possibly 
more than one lot of process oil.  Therefore, if the profiles of the processing oils are consistent 
between samples, it was concluded that the samples may have originated from a common 
packing lot number.  Likewise, if the profiles of the processing oils are not consistent between 
samples, it cannot be excluded as having originated from the same packaging lot number.  The 
latter was not demonstrated in the research, but was concluded based upon the information 
gained from the lot number assignments at Holston AAP [11].    
 
Stable Isotopes 
Forensic application of isotope ratio mass spectrometry (IRMS) for the analysis of 
explosives was first demonstrated in 1975, in which a duel inlet isotope ratio mass spectrometer 
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(DI-IRMS) was used in the analysis of the distributions of natural stable isotopes of carbon in 





C ratios.   













O) in high explosives, such as RDX, HMX, TNT, and PETN, have shown to differ such 
that it is possible to establish the relatedness of two or more samples of identical chemical 
composition.  In some cases, there are significant differences in the stable isotope ratios between 
manufacturers, so that the manufacturer and/or manufacturing method of the explosive can be 
determined [21].     
 
What Makes This Work Different 
Ratios of RDX and HMX 
The analysis of motor oils by HTCG-MS and the analysis of stable isotope ratios by 
isotope ratio mass spectrometry (IRMS) have demonstrated successful discrimination between 
C-4 samples.  However, the instrumentation necessary for these analyses (HTGC-MS and IRMS) 
may not be available to all crime labs.  In the research reported here, the possibility for 
discrimination of C-4 was explored based upon the ratio of RDX to HMX.  HMX was selected 
because it is a common impurity resulting from the synthesis of RDX that is present in 
significant and detectable amounts relative to RDX and has known standards that can be used for 
quantitation.  TAX and SEX were also explored for potential C-4 discrimination.  Dilute samples 
of both TAX and SEX were available for analysis; however, the concentrations for both were 
unknown.  The purity of TAX was confirmed by proton NMR.  Due to the unavailability of 
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known concentration standards for TAX and SEX, quantitation would not be possible; however, 
the presence or absence of the acetylated compounds could be used as a means to aid in 
discrimination.     
RDX was extracted from nine C-4 samples using an extraction method derived from 
literature [10].  Each extraction was analyzed using various mass spectral techniques.  The 
amount of RDX and HMX was determined for each extract using external calibration curves.  
The ratio of RDX and HMX were calculated for each C-4 extract and were used as a parameter 
for discrimination between the nine C-4 samples.  While the concentrations of RDX and HMX 
vary depending upon the amount of C-4 used in an extraction, the percentages of RDX and HMX 
will remain consistant, independent from the amount of solid C-4. 
 
Processing Oils 
 The processing oils component of C-4 was extracted and analyzed by direct exposure 
probe mass spectrometry (DEP-MS).  This technique allows for rapid mass spectral analysis of 
the oil components without the need for a high temperature gas chromatograph (HTCG).  
Euclidean distances were calculated for each pairwise C-4 comparison.  The discriminating 
power of the technique was calculated by conducting pairwise t tests.  This allowed a percent 
discrimination of C-4 to be calculated with a statistical certainty, an aspect that has not been 
documented in published forensic literature.   
The analysis of the processing oils by DEP-MS offers many advantages over HTGC-MS.  
One advantage is that separation of the components is not required for DEP-MS, eliminating the 
need for HTCG instrumentation.  Another major advantage is the reduction in sample analysis 
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time, from approximately 18 minutes, to less than two minutes per sample.  Perhaps the greatest 
advantage in regards to the forensic science field is that analysis by DEP-MS requires a very 
small amount of material, since the sample is introduced directly into the source of the mass 
spectrometer.  This makes DEP-MS ideal for the analysis of C-4 processing oils, since they make 
up approximately 1.6% of the total composition of C-4.       
 
Statistical Approach 
 The data for both the analysis of C-4 and commercial blasting agents conducted in this 
work includes a statistical analysis.  Previous works in the area of C-4 discrimination and/or 
identification were made without statistical analysis of the discriminating data.   
 
One-way ANOVA 
This statistical analysis is appropriate when the independent variables are measured on a 
nominal scale (classification variables) with two or more values and when the dependent variable 
is measured on an interval or ratio scale [22].  One-way ANOVA analysis is very similar to the t 
test, in that it is used to determine whether there is a significant difference between means from 
different groups.  The exception is the t test can be used to compare just two groups, whereas 
one-way ANOVA can be applied to two or more groups.   
The null hypothesis for data analyzed by one-way ANOVA is: Within the population, 
there is no difference between the various conditions with respect to their mean scores on the 
dependant variable.  Meaning, there are no significant difference between the means for each 
group.  To test this hypothesis the F statistic is calculated, which is the ratio of the mean square 
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between groups and the mean square within groups.  If there are really no differences between 
groups with respect to their means, an F statistic of 1.00 would be expected[22].  Associated with 
this F statistic is a corresponding p value that varies inversely with the F statistic.  If p is small, 
smaller than a desired alpha value, the null hypothesis must be rejected.  Rejecting the null 
hypothesis means that within the population, at least one sample differs significantly from at 
least one other sample.  
 Rejecting the null hypothesis of a one-way ANOVA only indicates that one or more 
sample means differ statistically from one or more other sample means.  It does not identify the 
pair(s) of samples that are significantly different from one another.  For this reason, the one-way 
ANOVA is commonly supplemented by multiple comparison procedures [22].  Multiple 
comparison procedures are statistical tests that identify the groups that are significantly different 
when more than two groups are compared.  The Tukey’s HSD (honestly significant difference) 
test was the multiple comparison procedure used in this research.  In the Tukey HSD test, a set of 
group means are ranked from smallest to largest.  A Q statistic is calculated and is used to test for 
a significant difference between a pair of means, which is computed based on the number of 
steps between the two means in the rank order.  Equation 6 shows how the Q statistic is 
calculated, where ML is the largest mean, MS is the smallest mean, MS within groups is the mean 
square within groups calculated by one-way ANOVA, and Np/s is the number of values of Xi per 
sample [23].   





  (6)  
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The calculated Q values are then compared to Q critical values belonging to a sample 
distribution defined by two parameters: k, the number of samples in the original analysis; and the 
degrees of freedom associated with the within groups (the denominator of the F statistic in the 
original analysis of variance) [23].  Q critical can be calculated for any significance level.  Both 
the one-way ANOVA, and the Tukey HSD analysis were conducted by Statistical Analysis 
Software (SAS), a statistical computer program.  The overall discrimination for an analytical 
technique is calculated by dividing the number of sample pairs that can be discriminated by the 
total number of pairwise comparisons made, and multiplying by 100%. 
 
Principal Component Analysis (PCA)  
Principal component analysis (PCA) is a statistical method that allows for a reduction in 
variables.  It is useful when there is believed to be a large redundancy in the data being analyzed, 
meaning that there are some variables that are correlated with one another possibly because they 
are measuring the same constraint.  PCA makes it possible to reduce the data into a smaller 
number of principal components that account for most of the observed variance in the variables 
[22]. 
The definition of a principal component is the linear combination of optimally weighted 
observed variables.  The number of principal components a data set has is equal to the number of 
variables in the data set.  The first principal component extracted in the analysis accounts for the 
maximal amount of total variance in the observed variables.  The remaining principal 
components have two important characteristics.  The first is that they will account for the 
maximal amount of total variance that was not accounted for by the preceding principal 
 30 
component(s).  The second important attribute is that they are completely uncorrelated with each 
other [22]. 
 
Comparison of Two Experimental Means by t Test  
 A simple t test can be used to compare two sample means.  The null hypothesis tested in 
a t test is that the two sample means give the same result, that is Ho: μ1 = μ2.  Using the sample 
means to represent the population means, the t test is conducted to determine if the difference 
between the sample means differs significantly from zero.  If the two sample standard deviations 
are similar, then they can be pooled to calculate the t statistic.  If the sample standard deviations 
differ significantly from one another, as in the case of this research, the t statistic is calculated by 
Equation 7 and having a degrees of freedom calculated by Equation 8 [24]. 
𝒕 =








  (7)   
 






















   (8) 
 
If the calculated t value is larger than the t critical value at the degrees of freedom calculated in 
Equation 8 for a specific confidence value, then the null hypothesis must be rejected.  Meaning, 
that the difference between the two sample means is greater than zero and the two samples can 
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be discriminated at the specified confidence.  Accepting the null hypothesis would indicate that 
the two samples cannot be discriminated.  
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CHAPTER 3: EXTRACTION METHODS 
Samples 
Nine C-4 samples were analyzed in this research to examine the possibility for 
discrimination.  Four samples (#122, #123, #124, and #125), were donated by Major Ron 
McCardle at the Florida State Fire Marshal’s Office located in Havana, Fl.  The remaining five 
samples were part of a previous collection at the National Center for Forensic Science (NCFS).  
The origins of these samples such as manufacturing location and lot numbers are unknown.  
Each sample was labeled with an arbitrary sample number along with a general classification as 
to the type of C-4 (Table 5).  




 As mentioned above, two variable components with that can potentially aid in 
discrimination of C-4 samples are the process oils and the impurities in the high explosive RDX.  
The extraction of RDX from solid C-4 was achieved by modifying the extraction scheme 
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proposed by Keto in 1986 [10].  RDX from each of the nine C-4 samples was extracted in 
triplicate (Figure 4), resulting in a total of 27 extractions for the nine samples.  The process oils 
were extracted at a later date than the initial RDX extractions.  Sample #57 was completely 
consumed in the first set extractions, thus the process oils for this sample were not part of the 
process oils analysis, which consisted of the remaining eight C-4 samples.  The remaining eight 
samples were extracted in triplicate, for a total of 24 process oils extraction samples. 
 
Figure 4: Extraction hierarchy for a single C-4 sample 
 
x 9 = Complete Data Set 
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RDX Extraction 
The extraction of RDX from C-4 (Figure 5) was performed by removing approximately 
5mg of solid C-4 and accurately weighing the sample into a 10 mL beaker.  Approximately 3-5 
mL of chloroform was added to the beaker, and stirred with a magnetic stir bar.  The chloroform 
was filtered through a 10 mL gastight syringe attached to a 25 mm diameter, 0.2μm pore size, 
polytetrafluoroethylene (PTFE) packed syringe filter.  The filtered chloroform containing the 
plasticizer, polyisobutylene, and process oils was collected into a clean beaker.  The chloroform 
would later be used for the extraction of the process oils.  Using a glass pasture pipette, the walls 
of the beaker were rinsed directly into the syringe with 5mL of chloroform in three separate 
fractions.  RDX and HMX are not soluble in chloroform, thus it was collected onto the filter.  To 
remove RDX and HMX from the filter, 10mL of acetonitrile was added to the syringe and passed 
through the filter.  RDX and HMX are very soluble in acetonitrile and thus were removed from 




Figure 5: Scheme for the extraction of RDX 
 
The calculation for determining the approximate concentration of RDX for each 
extraction is presented in Equation 9. 
 









  (9) 
 
The approximate concentration of RDX for each extraction is calculated based on two 
assumptions.  The first assumption is that the extraction scheme is 100% efficient.  The second 
assumption in the calculation of the concentration of the RDX extract is that each C-4 sample 
contains exactly 91% RDX, as previously reported [10, 11].  The actual percent of RDX for each 
C-4 sample is somewhere within the range of 90-92%.  Based upon the concentration calculated 
using Equation 9, each extract was diluted to an approximate concentration of 100 parts per 
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million (ppm).  A concentration less than 100 ppm is required for quantitative analysis by the 
methods utilized in this research. 
 
Process Oils Extraction 
Extraction of the processing oils from C-4 was accomplished by modifying a previously 
reported method [11].   Figure 6 shows the extraction scheme developed and used in this 
research.  Approximately 100 mg of solid C-4 was placed into a clean 8 mL glass vial with a 
Teflon-lined lid.  Two mL of pentane was added to the solid C-4, the vial was capped and haken 
vigorously.  The particulate was allowed to settle for approximately one hour.  The pentane was 
removed and filtered through a 500 mg silica solid phase extraction (SPE) cartridge.  The elutent 
was collected into a new 8 mL glass vial, and the pentane was allowed to evaporate to complete 
dryness.  Approximately 200 μL of pentane was added to the vial.  This process was repeated for 
all eight remaining C-4 samples (#32, #33, #51, #122, #123, #124, and #125). 
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Figure 6: Scheme for the extraction of the processing oils 
 
RDX and HMX Standards 
 Standards of both RDX and HMX were obtained from Cerilliant (Round Rock, Taxas) 
each having a concentration of 1000 mg/L in acetonitrile.  From these standards, dilutions were 
prepared for both RDX and HMX resulting in subsequent standards having final concentrations 
of 250ppm, 100ppm, 50ppm, 25ppm, 10ppm, 5ppm, 1ppm, 0.5ppm, 0.1ppm, and 0.01ppm.  
These standards were used to create external calibration curves for each analytical technique.  
The standards were stored in 1.2 mL glass autosampler vials at approximately -12°C.  
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CHAPTER 4: ANALYSIS BY ESI-MS-SIM 
Background 
 The requirement for high sensitivity, the thermal instability, and the low volatility of 
many explosives restrict the number of analytical techniques that can be used for explosive 
analysis [25].  The characteristics listed above limit the use of many chromatographic 
procedures, as many explosives fail to survive high temperature conditions.  Some of these 
difficulties can be reduced using cold on-column injection techniques and shorter columns for 
gas chromatography analysis [26].  Electrospray ionization mass spectrometry (ESI-MS) has 
been demonstrated to overcome the problems commonly encountered in the analysis of many 
explosives; specifically ESI-MS-SIM, with chloride adduct formation for the analysis of RDX 
and HMX. 
 
Electrospray Ionization (ESI) 
 Electrospray (ES) is an ionization technique by which ions in solution are transferred into 
the gas phase in the presence of an electric field [27].  There are three main steps in electrospray 
ionization.  The first requires the formation of charged droplets at the ES capillary tip.  The 
second requires the reduction in size (radius) of the charged droplets, ultimately leading to a very 
small, highly charged droplet capable of producing gas-phase ions.  The last step is a mechanism 
that actually transforms those small, highly charge droplets into gas-phased ions.   
The schematic shown in Figure 7 illustrates charged droplets formation.  A voltage of 
approximately 2-3kV is applied to the metal capillary that is conventionally 0.2mm o.d. and 0.1 
mm i.d. and located 1-3 cm from the counter electrode.  The counter electrode may consist of a 
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plate with an orifice leading to the mass spectrometer, or it may consist of a sampling capillary 
mounted on the plate leading to the mass spectrometer.  For simplicity, the positive ion mode 
will be used to illustrate the process.  The electric field applied to the capillary will drive the 
positive ions in the solution downstream towards the center of the meniscus.  Conversely, the 
negative ions within the solution will drift away from the surface.  The mutual repulsion of 
positive charges located at the surface overpowers surface tension causing the surface to swell 
and expand allowing for more space between like charges.  A cone is formed, known as the 
Taylor cone, and if the applied electrical field is appropriate, a fine jet of charged droplets 
emerges from the cone tip, breaking it into small charged droplets.  These droplets continue to 

















Figure 7: Schematic of major processes occurring in electrospray [27]. 
 
 There are two theories as to how the gas-phase ions are formed from the charged 
droplets.  An equation derived by Iribarne and Thomson describes a gas phase ion emission 
called ion evaporation.  Evaporation of solvent occurs directly from the small charged droplets 
having a radius of 10nm or less.  A second theory derived by Dole and Röllgen suggest that gas-
phase ions are formed by coulomb fission, which continues to form smaller droplets of charged 
ions until droplets containing only one excess ion are formed.  Both theories can explain many 
observed mass spectral features.  Both theories predict that ions that interact weakly with the 
solvent will be expressed preferentially in the gas phase.  A distinction between the two theories 
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can be observed when charged droplets have radii between 1nm and 10nm.  For droplets with 
radii less than 1nm, the two theories become indistinguishable [27].       
 
Selected Ion Monitoring (SIM) 
 Mass spectrometry in conjunction with a separation technique is a widely used analytical 
methodology for quantitative applications involving one or more organic and/or inorganic 
component mixtures.  When the mass spectrometer is set for selected ion monitoring (SIM), 
currents of specified m/z are monitored in a cyclic manner by rapid switching from one peak to 
another [28].  The resulting chromatographic plot of the data consists of a series of peaks, each 
appearing at the time characteristic of the component(s) within the mixture that yields ions that 
have been selected by the analyst.  IUPAC defines selected ion monitoring (SIM) as the 
operation of the mass spectrometer in which the intensities of several specific ion currents are 
recorded rather than the entire mass spectrum [29]. 
 
Chloride Adduct Formation 
 The analysis of RDX by LC/MS is an established analytical technique.  However, 
previous research has shown that the analysis of RDX by both electrospray ionization (ESI) and 
atmospheric pressure chemical ionization (APCI) produce mass spectra that are irreproducible 
and not resilient to slight changes in experimental design [30].  These issues are a huge concern 
as it makes quantitation difficult.  These concerns have been resolved by anion adduct formation, 
resulting in robust methods and reproducible spectra.  The attachment of an anion, specifically 
chloride, to RDX [M + Cl]
-
 is a way of producing characteristic ions in negative ion ESI-MS [30-
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33].  A signal from the loss of a hydrogen from RDX [M – H]
-
, a common peak for acidic 
compounds, is likely to be weak or absent due to the lack of acidic sites on RDX.  Literature 
suggests that the attachment of chlorine to non-acidic organics, such as RDX and HMX, occurs 
primarily at electrophilic hydrogen sites [32].   
 
Instrumental Methods 
 An Agilent 1100 MS linear quadrupole with an electrospray ionization source interfaced 
with an Agilent 1100 LC was used in this research.  The mobile phase used consisted of 50% 
acetonitrile (HPLC grade) and 50% water (HPLC grade) at a flow rate of 0.200 mL/minute.  A 
full loop injection of 5 μL was used for all samples.  No column was used, but rather all samples 
were introduced by direct infusion (without chromatography).  An aqueous NaCl (4.11 x 10
-4
 M) 
solution was prepared as a source of Cl
- 
ions for adduct formation.  This solution was introduced 
into the solvent flow via a syringe pump at a rate of 5 μL/minute, for a final chloride ion 
concentration entering the ESI interface of 1.0 x 10
-5
 M.  Mass spectrometer parameters were 
optimized for maximum sensitivity.  All mass spectra were collected in negative mode with 
selected ion monitoring (SIM) with a fragmentor voltage of 75V.  The fragmentor voltage was 
not optimized in this research.  The flow rate of the ESI drying gas was held at 12.0 L/minute 
and the spray chamber temperature was set at 350 ºC for all analyses.       
 
Results and Discussion 




Cl, both of which can form 
adducts with RDX and HMX.  Thus, the mass spectral data would result in two peaks for each 
 43 













  peak.  Six ions were monitored using 
ESI-MS-SIM: m/z 254, 256, 257, 259, 331, and 333 (Table 6).  All C-4 extracts and standards 
(RDX, HMX and TAX) were analyzed in full scan mode prior to the SIM analysis to insure the 
formation of chlorine adduct products.    
Table 6: Ions monitored in ESI-MS-SIM analysis for standards and extracts. 
 
 
Since RDX is present in significantly higher concentrations relative to HMX, the adduct ions for 
TAX (the acetylated RDX product) were monitored in addition to the ions from RDX and HMX.  
However, these ions were not observed in the mass spectral data for any of the samples (both 
standards and extracts).  The adduct ions for SEX (the acetylated product of HMX) were not 
monitored since the concentration of HMX is significantly less than RDX. 
 
Calibration Curves 
 RDX and HMX standards and acetonitrile blanks were analyzed in triplicate using the 
instrumental parameters discussed above.  Six individual extracted ion profiles were generated at 
























 respectfully.  The areas for each extracted 
ion profile for the standards and the acetonitrile blanks were determined by integrating a time 
 44 
span of 0.6-1.7minutes.  The resulting areas of the extracted ion chromatograms were used to 
generate a series of calibration curves that would be used to determine the concentration and the 
percentages of RDX and HMX in nine C-4 samples.  
 The coefficient of determination (R
2
) indicates the strength of a linear relationship.  An 
R
2
 value of one indicates a perfect linear relationship while an R
2
 value of zero indicates a 
completely random relationship between the dependent and independent variables.  Figure 8 and 
Figure 9 show the resulting calibration curves for the plot of RDX and HMX standards.  The 
coefficients of determination for the calibration curves in Figure 8 and Figure 9 indicate a linear 
model accounts for 72-77% of the variance.  These plots resemble more of a quadratic 
relationship, where the deviation from linearity is evident at the higher concentrations.  At the 
lower concentrations, both the RDX and HMX curves exhibit regions of high linearity, 
corresponding to the linear dynamic range (LDR) of the ESI-MS response.  Figure 10, which 
will be referred to as “LDR”, shows the linear dynamic regions for both RDX and HMX.  The R
2
 
values for these plots indicate significantly higher linearity, (0.95-0.99).  However, the 
concentrations of the linear dynamic regions are not favorable to the working concentrations of 
the C-4 extracts, in which the RDX is outside the linear dynamic range.  To overcome this 
dilemma, the square root of the standard concentrations were plotted against the areas at each 
concentration, improving the linearity of the original calibration curves to R
2
= 0.91-0.94 (Figure 
11).  As with the original curves, the higher concentrations deviate from linearity.  Removing the 
250 ppm (square root = 15.8 ppm) RDX standard from the plot in Figure 11, increases the linear 
relationship to a range of R
2
= 0.94-0.95 (Figure 12).  The resulting areas of the RDX standards 

























Limits of Detection and Quanitiation 
Limit of detection (LOD) is defined as the lowest concentration at which a sample can be 
detected with a statistical certainty.  Likewise, limit of quantitation (LOQ) is defined as the 
lowest concentration at which a sample can be quantitated with a statistical certainty [24, 34].  
LOD and LOQ were calculated for both RDX and HMX by Equations 10 and 11, where sB is the 
standard deviation in the area the blank signal, and m is the slope of the best-fit line for the linear 
dynamic region.  The LOD and LOQ for RDX and HMX by ESI-MS-SIM are reported in Table 
7. 
 
𝑳𝒊𝒎𝒊𝒕𝒔 𝒐𝒇 𝑫𝒆𝒕𝒆𝒄𝒕𝒊𝒐𝒏  𝑳𝑶𝑫 =  
𝒔𝑩×𝟑
𝒎
   (10)  
   
𝑳𝒊𝒎𝒊𝒕𝒔 𝒐𝒇 𝑸𝒖𝒂𝒏𝒕𝒊𝒕𝒂𝒕𝒊𝒐𝒏  𝑳𝑶𝑸 =  
𝒔𝑩×𝟏𝟎
𝒎
  (11) 
 




Analysis of C-4 Samples 
Calculating Percent RDX and HMX using Quadratic Calibration Curves 
 The twenty-seven RDX extracts, from the nine C-4 samples, were analyzed in triplicate 
and the integrated areas (0.6-1.7 minutes) of the extracted ion profiles (m/z 257, 259, 331, and 
333) were recorded.  From these areas the concentration of RDX and HMX were calculated for 
each replicate using the linear equations for the best fit lines generated by the least squares 
method for the quadratic calibration curves in Figure 11.  Those concentrations falling below the 
calculated limit of quantitation (LOQ) were assigned a value of zero.  The ratio of RDX and 
HMX were calculated for each replicate using Equations 12 and 13.  The calculated percentages 
of RDX and HMX for each replicate using the quadratic calibration curves are presented in 
Table 8. 
 
% 𝑹𝑫𝑿 =  
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑹𝑫𝑿 (𝒑𝒑𝒎)
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑹𝑫𝑿 (𝒑𝒑𝒎)+𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑯𝑴𝑿 (𝒑𝒑𝒎)
 × 𝟏𝟎𝟎%  (12) 
  
 
% 𝑯𝑴𝑿 =  
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑯𝑴𝑿 (𝒑𝒑𝒎)
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑹𝑫𝑿 (𝒑𝒑𝒎)+𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑯𝑴𝑿 (𝒑𝒑𝒎)















Calculating Percent RDX using Quadratic and HMX using LDR calibration Curves 
 Working within the linear dynamic region of a calibration curve is preferred, if possible.  
The above results indicate that HMX is present at concentrations approximately 10% relative to 
RDX in most samples.  The areas recorded for HMX fell within the range of the linear dynamic 
region of the original calibration curve (Figure 10).  For this reason, a more accurate result was 
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assumed to be generated when the linear dynamic region was used to calculate the percent HMX 
for each extract.  However, the areas for RDX are significantly outside the RDX linear dynamic 
region, and the quadratic calibration curve is required to quantitate the RDX concentration 
without further dilution.  In the same manner, the areas recorded for RDX from the extracts were 
lower than the areas of the 100 ppm RDX standard, thus the square root calibration curve in 
Figure 11 could be used.  Concentrations were calculated for RDX and HMX using the equations 
in Figure 10 (HMX) and Figure 12 (RDX).  From those concentrations, the percent RDX and 

















Table 9: Percentages of RDX and HMX calculated using the linear equations for the 







Calculating Percent RDX and HMX from the Linear Dynamic Range (Same Concentration) 
 As mentioned above, it is most appropriate to work within the linear dynamic range of 
calibration curves if possible.  Further dilution of the samples is required to bring RDX into the 
linear dynamic range of the ESI-MS (Figure 10).  Dilutions of the RDX extracts were made so 
that the concentration of RDX would be within the LDR.  The approximately 100 ppm C-4 
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extracts were diluted by a factor of five with acetonitrile.  The diluted extracts were analyzed by 
ESI-MS-SIM, resulting in a new data set of three areas for each C-4 sample (one analysis for 
each extraction).  This allowed for calculations of both RDX and HMX to be made from the 
LDR.  The concentrations RDX and HMX for both chloride isotopic adducts were calculated.  
Those concentrations falling below the limit of quantitation were assigned a concentration of 



















Table 10: Percent RDX and HMX calculated using the LDR for both RDX and HMX 
       
 
Calculating Percent RDX and HMX from the Linear Dynamic Range (Different Sample 
Dilutions) 
The LDR calibration curves for RDX and HMX (Figure 10) were used to calculate the 
percentages of RDX and HMX from the RDX extracts.  Instead of calculating RDX and HMX 
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from a single extract, two concentrations of the RDX extracts were used.  The concentration of 
HMX was calculated from the original 100 ppm RDX extracts since the resulting areas from the 
ESI-MS-SIM analysis are within the LDR of the original calibration curves.  To use the LDR of 
the original RDX calibration curves, dilutions needed to be made.  The 1:5 dilutions of the 
assumed 100 ppm RDX extracts were analyzed by ESI-MS-SIM.  The resulting areas for RDX 
for the dilutions were within the LDR of the original calibration curve for RDX, and thus the 
linear equations for the RDX calibration curves in Figure 10 could be used to calculate the 
concentration of RDX for the diluted extracts.  Since two different concentrations of the RDX 
extracts were used to calculate the concentration of RDX and HMX, it was necessary to back 
calculate the concentration of RDX from the 1:5 dilutions to the concentration in the original 100 
ppm RDX extract, so that percentages of RDX and HMX could be calculated using Equation 11 








Table 11: Percent RDX and HMX calculated using the LDR for both RDX and HMX using 
two RDX extraction concentrations. 
 
 
One-way ANOVA with Tukey HSD Test 
 Statistical evaluations were performed to determine an overall discrimination of the nine 
C-4 samples for each analytical technique.  The mass spectral and extracted ion profile results for 
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the C-4 extractions were subjected to one-way analysis of variance (ANOVA) with one between-
subject factor.  The null hypothesis for the analysis of variance for the nine different C-4 samples 
is represented symbolically in Equation 14: 
 
Ho: MC-4 sample 1 = M C-4 sample 2 = M C-4 sample 3 = … M C-4 sample 9 (14) 
 
Where M C-4 sample 1 represents the mean RDX percentage for the three RDX extractions analyzed 
in replicate from C-4 sample 1, M C-4 sample 2 represents the mean RDX percentage for the three 
RDX extractions analyzed in replicate from C-4 sample 2, and so on.  
 The RDX percentages from the nine replicates (represented by ovals in Figure 4) were 
used to calculate the sample mean and sample variance for each C-4 sample.  The sample means 
along with the variance for each C-4 sample were used to test the null hypothesis (Equation 14). 








 RDX-chloride adduct products for each set of calibration curves 
mentioned above.  The thirty-six pairwise comparisons for each adduct product for each method 
were used to calculate percentages are reported in Figure 13.  A “1” in an intersecting cell 
indicates that the corresponding C-4 samples can be discriminated and a “0” in an intersection 
cell indicates that the corresponding pair of C-4 samples cannot be discriminated by the method.  
The overall discriminating power for each adduct product for each method are reported in Table 
12.   
 64 
  
Figure 13: Pairwise results of ANOVA/Tukey HSD for C-4 samples by ESI-MS-SIM 
A. Percentages calculated using the square root of the standard concentrations (0.01-250 ppm) calibration 
curves 
B. Percentages calculated using the square root of the standard concentrations (0-100 ppm) calibration curves 
for RDX and LDR calibration curves for HMX 
C. Percentages calculated using the LDR calibration curves (Same Dilution Concentration) 
D. Percentages calculated using the LDR calibration curves (Different Dilution Concentration) 
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Table 12: Overall discriminating power for each ESI-MS-SIM method for each adduct 
product 
   
 
 The highest overall discrimination for the ESI-MS-SIM was generated from the M+ 
adduct products calculated from the square root of the standard concentrations, discriminating a 
little over 72% of the C-4 samples.  Using the square root of the standard concentration (0-100 
ppm) for RDX and the LDR for HMX gave the next highest discrimination at approximately 
61%.  However, the highest discrimination might not be the “correct” discrimination.  As it has 
been stated several times above, the best analytical results are those obtained from the linear 
dynamic range of the calibration curves.  Meaning that the discrimination obtained from these 
techniques might not be the highest, but are analytically better, thus are more than likely the 
“best” possible discrimination for this analytical method.  It should also be pointed out that five 
out of the eight techniques used to calculate discrimination of the C-4 samples resulted in 
discrimination of the exact same samples resulting in the exact same discriminating power 
(38.89%) 






CHAPTER 5: ANALYSIS BY GC-MS 
Background on Gas Chromatography 
 Gas chromatography is a separatory technique based upon the partition of the analyte 
between a gaseous mobile phase and an immobile liquid phased.  The liquid sample is vaporized 
onto the head of a chromatographic column.  Elution is brought about by the flow of a 
chemically inert gas mobile phase through the column.  The sole function of this mobile phase is 
to transport the analyte through the column.   
The basic components of a gas chromatograph are a heated injection port, a temperature 
controlled oven containing the column, and a detector.  Injection of a liquid sample into a gas 
chromatograph occurs at the heated injection port.  Once inside the injection port, the sample is 
vaporized and is carried to the head of the column by the carrier gas.  The different components 
within the sample will be retained for different lengths of time based on the chemical interactions 
each has with the stationary phase.  Controlled temperature programming of the oven allows the 
components to elute resulting in separation.  Once the components are eluted from the column, 
they are detected by a detector.  Common detectors that are interfaced with a gas chromatograph 
are flame ionization detectors (FID), thermal conductivity detectors (TCD), electron-capture 
detectors (ECD), and mass spectrometers (MS), of which the latter will be used in this research.  
The flow rate from the capillary columns is generally low enough that the column output can be 
fed directly into the ionization chamber of the mass spectrometer [28]. 
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Background on Mass Spectrometry 
 Mass spectrometry is considered one of the most widely applicable of all of the analytical 
tools available, in the sense that the technique is capable of providing information about the 
elemental composition, structures of molecules, and qualitative and quantitative composition of 
complex mixtures.  Figure 14 shows a schematic of a typical mass spectrometer.  Samples are 
introduced into the mass spectrometer via an inlet system, where the sample is converted into 
gaseous ions.  The ion source of the mass spectrometer converts the components of the sample 
into ions.  Next the ions are pass through the mass analyzer, which is synonymous with the 
grating inside an optical spectrometer, but instead of separating based on wavelength, the mass 
spectrometer separates based upon mass to charge ratio [28].  Following separation, the ions 
reach a transducer that converts the ions into an electrical signal that can be processed, stored, 
and manipulated via a computer.  All of the above (except for the computer processor) takes 








Figure 14: Schematic of a typical mass spectrometer. 
 
Quadrupole 
 The quadrupole is a mass analyzer found in many commercial bench top mass 
spectrometers and are the most common mass analyzer in use today [28].  The advantages of a 
quadrupole mass analyzer are that they offer low scan times (<100ms), which is useful for real-
time scanning of chromatographic peaks.  They are compact, less expensive and more rugged 
than many other mass analyzers. 
 The quadrupole is comprised of four parallel cylindrical rods that serve as electrodes 
(Figure 15).  Opposite rods are connected electrically, with one pair being attached to the 
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positive side of the variable dc source and the other pair attached to the negative terminal.  In 
addition to the dc voltage, variable radio frequency ac potentials are applied to the pairs of rods, 
which are 180° out of phase.  Ions are accelerated into the space between the rods by a potential 
of 5-10 V.  The ac and dc voltages are increased simultaneously, maintaining their constant ratio.  
Those ions within a limited range of mass to charge ratios, make it past the rods and are 
converted into an electrical signal by the transducer.  Those ions outside the limited range are 
accelerated towards one of the four rods and are transformed into neutral molecules.  Resolutions 
of one mass unit are common for quadrupole mass analyzers.  
 




 The sample is introduced into the mass spectrometer by an inlet system.  Ionization 
occurs within the confinements of an ion volume located externally from the ion trap.  Molecules 
in the gas phase enter the volume where they are bombarded with electrons (EI) or reagent gas 
(CI), creating ions.  Ions are focused by ion optics and accelerated towards the ion trap.  The ion 
trap is a small chamber configured with a ring electrode centered between two end cap electrodes 
(Figure 16).  The ions are then ejected through the exit end cap electrode at specific mass to 
charge ratio values by scanning the applied Rf voltage that is applied to the center ring.  
Advantage of the ion trap is the ability to perform tandem mass spectrometry (MS
n
) and fast scan 
times, which allows for real time analysis.  Conversely, one of the downfalls of an ion trap is the 
occasional undesirable ion-molecule reactions that occur inside the trap when there are large 




Figure 16: Schematic of ion trap mass analyzer   
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Types of Ionization 
Electron Ionization (EI) 
In electron ionization (EI), sample molecules are brought to a temperature high enough to 
produce a molecular vapor.  Next, ionization occurs when the sample vapor is bombarded by a 
beam of energetic electrons emitted from a heated tungsten or rhenium filament and accelerated 
by a potential of approximately 70 eV.  The path of the electrons and sample molecules are 
perpendicular to one another and the paths of the two cross at the center of the source, where 
ionization occurs.  The major products of the collisions are singly charged positive ions, which 
are formed when the energetic electrons approach molecules closely enough to cause them to 
lose electrons by electrostatic repulsion.  The primary reaction that occurs in EI ionization can be 
seen in Equation 15, where M represents the molecule of interest, and M
·+
 is its molecular ion 
[28].  Electron ionization is extremely inefficient, in that about only one molecule in a million 
undergoes the reaction in Equation 15 [28].  Despite the inefficiency of EI, this ionization 
technique is important, as it is the ionization technique of choice for generating mass spectral 
libraries. 
 
𝑴 + 𝒆−  →  𝑴∙+ +  𝟐𝒆−   (15) 
 
The ionization potential of typical organic compounds is generally less than 15 eV, which leaves 
approximately 50 eV of excess energy.  This energy is dissipated in part by breaking covalent 
bonds, which have bond strength 3 and 10 eV.  This bond breaking is usually extensive, highly 
reproducible, and characteristic of the compound [35].   
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 Electron ionization ionization produces high ion currents, causing extensive 
fragmentation to occur with large numbers of peaks.  This is somewhat of a double edge sword.  
An advantage of high fragmentation is that it can often make unambiguous identification 
possible.  However, a disadvantage of high fragmentation is that it reduces the chances of 
producing a molecular ion, hindering the possibility for determining the molecular weight of a 
molecule.  Luckily, for many molecular samples, this problem is solved by chemical ionization.   
 
Chemical Ionization (CI) 
 Chemical ionization is often referred to as a “softer” ionization technique.  In this 
ionization technique, gaseous atoms of the sample are ionized by collision with ions produced by 
electron bombardment of an excess reagent gas.  These collisions can produce positive ions 
known as positive ion chemical ionization (PICI) and negative ions known as negative ion 
chemical ionization (NICI).  For chemical ionization to occur, the pressure in the ionization area 
needs to be maintained at approximately one torr.  Once there is sufficient pressure in the 
ionization area, the reagent gas, commonly methane, isobutene, propane or ammonia, is 





.  With the high number of reagent molecules, the electron beam reacts nearly exclusively 
with the reagent molecules, causing ionization.  As mentioned previously, one of the common 
reagent gases used is methane.  When interaction occurs between methane and the electron 






.  The first two ions dominate, and 
represent approximately 90% of the reagent products.  These ions react with additional methane 





 + CH4  CH5
+




 + CH4  C2H5
+
 + H2  (17) 
 




 are highly reactive and involve proton or 
hydride transfer, resulting in (M + H)
+
 for proton transfer and (M -H)
+
 for hydride transfer.  Also 
common with methane are (M + C2H5)
 +
.  In negative ion chemical ionization (NICI), ions are 
produced by either by resonance capture of low energy electrons or by ion-molecule reactions 
between the sample molecules and negative reagent gas ions formed at high pressures [9].  
 
Analysis by GC-MS Quadrupole 
Instrumental Methods 
 A Hewlett-Packard 6890 gas chromatograph interfaced to a 5973 mass spectrometer was 
used for the GC-MS-SIM analysis.  Samples of 1 μL were introduced by an Agilent ALS 
autosampler.  A 12 m methyl siloxane capillary column was used having a 0.2 mm internal 
diameter with a film thickness of 0.33 μm.  Instrumental parameters are given in Table 13 and 
Table 14.  A full scan analysis was conducted for RDX, HMX, TAX and SEX prior to the SIM 





Table 13: Gas Chromatography parameters. 
 




Each standard concentration was analyzed five times.  External calibration curves were 
generated for both RDX (1-250 ppm) and HMX (0.1-100 ppm) using the prepared standard 
dilutions (see Chapter 3).  This was done by integrating the areas under the resulting 
chromatographic peaks, which are directly proportional to the concentrations, thus allowing for 
the construction of calibration curves, for quantitative analysis.  The resulting area for each 
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analysis was plotted against the concentration.  Figure 17 and Figure 18  are the resulting 
calibration curves for RDX and HMX respectfully. 
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Figure 17: Calibration curve for RDX by GC-MS-SIM 
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Figure 18: Calibration curve for HMX by GC-MS-SIM 
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Limits of Detection and Quanitation 
 Limit of detection and limit of quantitation for an analytical method is the minimum 
concentration or mass of analyte that can be detected or quantitated at a known confidence level.  
Limits of detection and limits of quantitation were determined differently for CG-MS-SIM.  In 
this case the limits were based upon the ratio of the magnitude of the analytical signal to the size 
of the statistical fluctuations in the blank signal.  In this approach, that unless the analytical 
signal is greater than the blank signal by some multiple, k, of the variation in the blank from 
random errors, it is impossible to detect/quantitate the analytical signal with certainty [28].  
Equation 18 was used to calculate LOD and LOQ for the GC-MS-SIM technique, where Sm is 
the minimum distinguishable analytical signal, 𝑆𝑏𝑙     is the average signal of the blank, and sbl is 
the fluctuation in the blank signal. 
 
𝑺𝒎 =  𝒔𝒃𝒍     +  𝒌𝐬𝐛𝐥      (18) 
 
Commonly, a k value of 3 is used when calculating the limits of detection (LOD) and 10 when 








Figure 19: Graphical representation of the minimum distinguishable analytical signals for LOD and LOQ. 
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To determine the LOD and LOQ of RDX and HMX for the technique, the chromatograms for the 
RDX and HMX standards and the chromatograms of sample blanks (acetonitrile) were 
evaluated.  The average blank signal (𝑆𝑏𝑙    ) was calculated along with the fluctuation in the blank 
signal (sbl).  This allowed for a minimum abundance to be calculated for both LOD and LOQ.  
Those standards having an abundance greater than the calculated abundances for LOD and LOQ 
were the minimum concentrations that could be detected and quantitated respectfully for both 
RDX and HMX.  The 1 ppm standard for both RDX and HMX was the first standard with an 
abundance greater than that calculated for LOQ, and thus the limit of quantitation.  The limit of 
detection could not be discerned, in that the lowest standard of RDX (1 ppm) had an abundance 
greater than the limit of quantitation.  The limit of detection for HMX is between 0.5-1 ppm.                
 
Results and Discussion 
 Like the previous ESI-MS-SIM work (Chapter 4), the relative ratios of RDX and HMX 
were evaluated as a possible parameter for discrimination between different C-4 samples.  The 
twenty-seven RDX samples extracted from C-4 (see Chapter 3) were analyzed by GC-MS-SIM 
in replicate using the instrumental parameters given above.  The areas for RDX and HMX were 
integrated, and concentration in ppm for each component was calculated using the linear 
equations of the calibration curves generated (Figure 17 and Figure 18).  From these 





Table 15: Percentages of RDX and HMX by GC-MS-SIM 
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 An analysis of variance followed by a Tukey HSD test (Chapter 2) was conducted for the 
resulting percentages calculated from the RDX extracts in Table 15.  The results from the 
statistical analysis is presented below in Figure 20, where a “1” at the intersection of two 
samples indicates that the two samples can be discriminated at a 95% confidence level.  
Conversely, a “0” where two samples intersect indicates that the two samples cannot be 
discriminated at a 95% confidence level.  The results for the thirty-six pairwise comparisons 
yielded an overall discrimination for this analytical technique of 58.3%.  
    
Figure 20: Results of the ANOVA and Tukey HSD for the analysis of C-4 extracts by GC-
MS-SIM. 
 
Analysis by MS Ion Trap 
Analysis by CG-MS Ion Trap 
Instrumental Methods 
 A Thermo Finnagin Trace GC interfaced to a Polaris Q was used for the GC-MS analysis.  
Samples of 1 μL were introduced by an ALS autosampler.  A 15 meter DB-5 capillary column 
with an internal diameter of 0.25 mm and a film thickness of 0.1 μm was used.  Instrumental 
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parameters for both the gas chromatogram and the mass spectrometer used in this analysis are 
reported in Table 16 and Table 17. 
Table 16: Gas chromatography parameters 
 
 




RDX (0.001, 0.01, 1, 5, 10, 25, 50, 100, and 250 ppm) and HMX (0.1, 0.5, 1, 5, 10, 25, 50, and 
100 ppm) standards (Chapter 3) were analyzed in triplicate using the parameters listed above.  
Extracted ion chromatograms (EIC) for both RDX and HMX components were generated by 
selecting the ions with the highest relative abundance in each respective mass spectrum.  For 
RDX, the ions extracted from the full scan data were m/z 46, and 129.  The ions extracted for 
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HMX were m/z 46, 102, and 176.  Calibration curve for each standard were constructed by 
integrating the areas under the EICs and plotting them against the respective concentration 




Figure 21: Calibration curve for the EIC of RDX and HMX by NICI-GC-MS. 
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Limits of Detection and Quantitation 
 Limits of detection and limits of quantitation were calculated in a similar fashion as they 
were calculated in the GC-MS-SIM analysis.  The Polaris Q software reports output as 
normalizes data, so for convenience, the average noise signal (𝑆𝑛𝑜𝑖𝑠𝑒       ) and the fluctuation in the 
noise signal (snoise) were calculated from the noise immediately preceding the peak of interest.  
Substituting theses terms into Equation 18 makes is applicable to use for the normalized 
chromatograms.  Those standards having a relative abundance greater than the calculated relative 
abundances for LOD and LOQ were the minimum concentrations that could be detected and 
quantitated respectfully for both RDX and HMX.  The 1 ppm standard for both RDX and HMX 
were the first standards with a relative abundance greater than that calculated for LOQ, and thus 
the limit of quantitation.  The limit of detection could not be discerned for either molecule.  The 
next lowest standard for both RDX and HMX was less than the calculated for the limit of 
detection.                        
  
Results and Discussion 
 The relative ratios of RDX and HMX were evaluated as a possible parameter for 
discrimination between different C-4 samples.  The twenty-seven RDX samples extracted from 
C-4 (Chapter 3) were analyzed by NICI-GC-MS in triplicate using the instrumental parameters 
given above.  The areas for RDX and HMX were integrated, and concentration in ppm for each 
component was calculated using the linear equations of the calibration curves generated.  From 
these concentrations, the percentages of RDX and HMX were calculated (Table 18). 
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Table 18: Calculated percentages of RDX and HMX by NICI-GC-MS 
 
An analysis of variance followed by a Tukey HSD test (Chapter 2) was conducted for the 
resulting percentages calculated from the RDX extracts in  
 
Table 18  The results from the statistical analysis is presented below in Figure 22, where 
a “1” at the intersection of two samples indicates that the two samples can be discriminated at a 
95% confidence level.  Conversely, a “0” where two samples intersect indicates that the two 
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samples cannot be discriminated at a 95% confidence level.  The results for the thirty-six 
pairwise comparisons yielded an overall discrimination for this analytical technique of 58.3%.  
Several pairwise comparisons that were discriminated using GC-MS ion trap were not 
discriminated by GC-MS quadrupole, and vice-versa.  These discrepancies in results are more 
than likely attributed to the variances associated with the within group comparisons.      
 
Figure 22: Results of the ANOVA and Tukey HSD for the analysis of C-4 extracts by GC-
MS ion trap. 
 
Probe Inlet 
 One of the major limitations in the analysis of explosives by mass spectrometry is the 
need to vaporize the sample prior to ionization.  Most explosives are thermally labile, and may 
decompose rapidly prior to ionization, resulting in a spectrum of fragment ions without the 
presence of a molecular ion [36].  Sample introduction into the mass spectrometer is achieved via 
an inlet system.  One of the more common inlet systems is a gas chromatograph.  However, 
when analytes of interest are thermally labile and/or relatively involatile, introduction by gas 
chromatography may not be applicable.  Analysis by of explosives by using a probe inlet system 
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minimizes the time between vaporization and ionization, which can reduce the mass spectral 
issues mentioned above before decomposition has time to occur.  
 The probe is connected to a direct probe controller (DPC), which is connected to the mass 
spectrometer.  The DPC is the instrument used to communicate information between the sample 
probe (direct insertion probe or direct exposure probe) to the mass spectrometer.  It is the DPC 
where users will enter heating and data acquisition parameters, which it then communicates to 
the mass spectrometer.  The DPC will allow up to nine methods to be stored at a given time.  
Solids and nonvolatile liquids can be introduced into the ionization area by probe, which is 
inserted through a vacuum lock.  The lock system on the mass spectrometer is designed to limit 
the amount of air that must be pumped from the system after insertion of the probe into the 
ionization region (Figure 23).  When the probe is fully inserted, it will be positioned within a few 
millimeters of the ionization source.  Obtaining mass spectra for thermally unstable compounds 
by direct probe is made possible, because of the low pressures in the ionization area and the close 
proximity of the sample to the ionization source [28].  
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Figure 23: Schematic of the direct probe inlet.  A) Probe positioned at the first seal in the 
isolation valve, B) probe passing through the rotary ball valve 
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 A review of direct probe literature reveals conflicting reports regarding use of  the 
technique for quantitative analysis [36-39].  Those publications reporting the direct probe should 
only be used as a qualitative technique, state poor reproducibility as support.  A conjecture given 
for the reasoning behind the poor reproducibility is that it is difficult to accurately and 
reproducibly apply a sample to the filament tip in DEP and into the sample crucible for DIP.  
Any slight changes in the filament shape or application of the sample into the crucible will have 
adverse effects on reproducibility [38].  Another publication reported that changes in the source 
temperatures will change the resulting mass spectra, and consequently limiting the possibility to 
use the technique for quantitative measures [36].  Conversely, in an article by Barker et al., 
quantitation was achieved by creating calibration curves by standard addition method with 
correlation coefficients ranging from 0.991-0.999 [37].   
 
Direct Insertion Probe (DIP) 
General Background 
 Direct insertion probe (DIP) is an inlet system that allows for mass spectral analysis of 
both solids and liquids.  As mentioned above, it is ideal for those samples that are thermally 
labile and/or nonvolatile.  DIP is often used as a screening technique, that allows for rapid 
analysis (usually < 5 minutes) without extensive sample preparation.  DIP is commonly used by 
forensic labs as a method of screening controlled substances [39]. 
Samples for DIP analysis are placed into glass sample cups (Figure 24).  A syringe is 
used to place liquid samples into the bottom of the sample cups, however for DIP analysis, the 
solvent must evaporate completely prior to being inserted into the mass spectrometer.  Solid 
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samples are placed at the bottom of the sample cup with the aid of a dissecting probe.  The glass 
sample holder is then inserted into the tip of the probe (Figure 25).  The tip of the probe consists 
of a spring-loaded holder into which the sample cup is inserted.  When the probe is fully inserted 
into the vacuum chamber of the mass spectrometer, the probe tip seals against the outer surface 
of the ion volume holder.  This allows for proper positioning of the sample cups in front of the 
ion volume.  A coiled heater, located at the tip of the probe, controlled by the DPC heats the 
probe tip.  The temperature of the tip is measured by a resistive temperature device, which 
precisely regulates the temperature during the heating program.   
 
Figure 24: Schematic of DIP sample cup. 
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Figure 25: Glass sample cup inserted into the tip of the direct insertion probe. 
 
The DIP has two heating options, temperature programming mode and ballistic mode.  
The operating temperature range for the DIP is ambient to 450°C.  The temperature-
programming mode of the DIP allows for the probe to heat at specified gradient.  The probe has 
the option for two ramps, which can be programmed to heat in 10°C/minute increments up to a 
max rate of 100°C/minute or ballistically.  The second heating mode option is the ballistic heat 
method, which allows the probe to heat to the specified final temperature at the maximum rate 
possible (approximately 150°C/minute).          
 
Instrumental Methods 
 DIP was examined as a possible method that would allow for quantitation of RDX and 
HMX extracted from solid C-4.  The probe heating parameters used are listed in  
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Table 19.  A Thermo Finnigan Polaris Q ion trap mass spectrometer was used.  All DIP analysis 
were performed using negative chemical ionization (NICI) with methane as the reagent gas at a 
constant flow of 2.0 mL/minute.  Standard mixtures of RDX and HMX were prepared to 
simulate the mixture of the two components that result from the C-4 extracts.  Standard were 
prepared as 1:1 mixtures of RDX and HMX at concentrations of 20 ppm, 30 ppm, 40 ppm, 50 
ppm and 60 ppm in acetonitrile.  1 μL of standard mixtures were placed into clean sample cups 
and the solvent was allowed to evaporate to dryness. 
Table 19: Heating program for DIP-MS analysis of RDX and HMX standard mixtures. 
 
 
Results and Discussion 
 Using the DIP program reported in Table 19, complete separation of RDX and HMX 
from the standard mixtures was achieved.  However, the desorption peak shape and resulting 
area were highly irreproducible.  Figure 26 and Figure 27 are two back-to-back analyses for the 
exact same 50 ppm (1:1) RDX and HMX standard mixture, illustrating the problem of 
reproducibility.  Both RDX and HMX have been completely separated over time, the peak shape 
between the two profiles are extremely different, along with the resulting areas.  For this reason, 
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DIP analysis was abandoned as a quantitative method for the analysis of RDX and HXM.  
However, the DIP provides a rapid screening method for the presence of RDX and HMX.  
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Figure 26: DIP desorption profile and corresponding mass spectra for a 50 ppm 1:1 RDX and HMX standard mixture. 
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Figure 27: Second DIP desorption profile and corresponding mass spectra for a 50 ppm 1:1 RDX and HMX standard 
mixture.   
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Direct Exposure Probe (DEP) 
General Background 
Literature reports have demonstrated the success of the direct exposure probe (DEP) in 
the analysis of explosives by positive ion chemical ionization (PICI) with isobutane at various 
source temperatures between 50-100°C [36].  Different mass spectra were generated for each 
explosive at different source temperatures.  The author noted that these differences in spectra 
would hinder this technique for quantitative analysis. 
The DEP probe is very similar to the DIP probe, except that the tip of the DEP probe 
contains a plug into which a filament assembly is inserted.  The probe tip seals against the outer 
surface of the ion volume holder when the probe is fully inserted.  This positions the filament 
properly inside the ion volume.  The filament assembly consists of a ceramic base, which when 
fully inserted in the probe is flush with the probe tip.  Extending from the base is a rhenium wire 
with a small loop at the end (Figure 28).  During analysis, a programmed current is passed 
through the filament causing it to heat rapidly, vaporizing the sample.  The vaporized sample is 
exposed directly to the electron beam in the ion source during EI or the reagent gas plasma for 
CI.    
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Figure 28: DEP filament assembly inserted into the DEP probe. 
 
As mentioned above, the DEP operates in a current-programmed mode, which means that 
the user can program the filament current to ramp at a given rate to currents ranging from 0 mA 
to 1000 mA.  The filament can be ramped up to a 1000 mA/second.  Fast ramp rates are useful 
for vaporizing thermally labile samples quickly, minimizing thermal decomposition.  Typical 
ramp rates are 20 to 500 mA/second.  Optical pyrometer measurements indicates that the actual 
filament temperature in °C closely approximates the filament current in mA.  For example, a 
current of 1000 mA is approximately 1000 °C.   
Liquid samples to be analyzed by DEP-MS are deposited directly to the sample loop at 
the filament tip using a syringe.  Typical volumes deposited are 1-2 μL.  Surface tension allows 
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the bead of sample to be supported on the loop.  Like the DIP, the solvent must be completely 
evaporated prior to inserting the probe into the mass spectrometer.  
 
Instrumental Methods 
1:1 Standard Mixtures 
 DEP-MS was evaluated as a possible quantitative technique for the analysis of RDX and 
HMX.  The probe current parameters for this analysis are reported in Table 20.  A Thermo 
Finnigan Polaris Q mass spectrometer with an ion trap was used for this analysis operating in 
negative chemical ionization (NICI) with methane as the reagent gas with a constant flow of 2.0 
mL/minute.  The 1:1 RDX and HMX standard mixtures used in the DIP analysis were used, 
depositing 1 μL of sample for each analysis. 
 




 The 1:1 RDX: HMX standard mixtures (20, 30, 40, 50, and 60 ppm) were analyzed in 
triplicate by NICI-DEP-MS.  The areas under the desorption profiles were integrated.  
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Calibration curves were generated for both RDX and HMX (Figure 29) by plotting the area 
under the respective peak against the concentration (ppm).  The 30 ppm standard mixture was 
not included in the calibration curve, but was used as an “unknown” to test the accuracy of the 
resulting calibration curves.  The coefficient of determination for the resulting linear trendline 




Figure 29: Calibration curves for 1:1 RDX:HMX standard mixtures (ppm) by NICI-DEP-MS      
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Results and Discussion 
 The results from the NICI-DEP-MS demonstrated that mixtures of RDX and HMX can 
be resolved in time without the use of a separation technique similar to the DIP analysis (Figure 
30).  To test the accuracy of the above calibration curves, the 30 ppm 1:1 RDX: HMX standard 
was treated as an “unknown.”  The resulting areas for RDX and HMX for the 30 ppm standard 
mixture was used to calculate the concentration of the “unknown.”  The results from the 
triplicate analysis are reported in Table 21.  The calculated concentration reported in Table 21 
indicate that this method is significantly less accurate for RDX than HMX.  Due to the strengths 
of the linear relationships of the calibration curves and the calculations for the “unknown” 
standard mixture, the analysis of the twenty-seven RDX extracts were not analyzed.  However, 




Figure 30: DEP desorption profile and corresponding mass spectra for a 50 ppm 1:1 RDX and HMX standard mixture. 
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Table 21:  Calculated concentrations for the replicate measures of RDX and HMX for an 
"unknown" 30 ppm 1:1 RDX to HMX standard mixture by NICI-DEP-MS.   
   
  
10:1 Standard Mixtures 
 The above experiment was repeated using RDX and HMX standard mixtures at a ratio of 
10:1.  The concentrations of the four new standards made were 75ppm RDX and 7.5 ppm HMX, 
50 ppm RDX and 5 ppm HMX, 25 ppm RDX and 2.5 ppm HMX, and 10 ppm RDX and 1 ppm 
HMX.  These standards are at the approximate ratio of RDX to HMX that are found in the RDX 
extracts from the C-4 samples.  The 10:1 standard mixtures were analyzed in triplicate by NICI-
DEP-MS using the same DEP parameters listed in Table 20.  The resulting areas for each 
component were integrated and calibration curves for RDX and HMX were generated by plotting 




Figure 31: Calibration curve for RDX by NICI-DEP-MS from the 10:1 standard mixtures 
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Figure 32: Calibration curve for HMX by NICI-DEP-MS from the 10:1 standard mixtures. 
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Results and Discussion 
 Like the 1:1 standard mixtures, the NICI-DEP-MS analysis of the 10:1 standard mixtures 
resulted in calibration curves having poor linear relationships.  The coefficient of determination 
for the RDX remained about the same between the two experiments.  However, the coefficient of 
determination for the 10:1 HMX standards was significantly lower than the coefficient of 
determination of the 1:1 standards and because of this the C-4 extracts were not analyzed.  
Literature suggests that mixtures of RDX and HMX have different thermal behaviors dependent 
upon the ratios of the mixtures.  Varying ratios of RDX and HMX have an effect the melting 
point and polymorphic transformation.  However, ratios were determined not to have an effect on 
thermal decomposition of RDX and HMX [40]. 
 
Processing Oils 
 The eight processing oils extracts discussed in Chapter 3, were analyzed by electron 
impact direct probe mass spectrometry (EI-DEP-MS).  The probe and mass spectrometer 
parameters and method were optimized.  Approximately 1 μL of sample was deposited onto the 
DEP filament.  The probe was held at 0 mA for 10seconds, then ramped 10 mA/second to a 
current of 1000 mA, where it was held for 10 seconds, for a total analysis time of 1.20 minutes.  
Inserting the probe fully into the source area prior to the start of the analysis caused the 
desorption of the sample due to  the radiant heat from the ion source (200°C ) and the close 
proximity of the DEP filament to the source.  For this reason, the probe was not fully inserted 
into the source area until approximately 7 seconds after the probe program was started.  This 
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established a baseline in the desorption profile.  The mass spectrometer source temperature was 
200 °C, operated in positive mode with no solvent delay. 
 
Results and Discussion 
 The eight process oils extracts were analyzed by EI-DEP-MS in triplicate.  A mass 
spectrum for each replicate analysis was generated by averaging across the entire desorption 
profile (0.1- 1.2 minutes).  This resulted in a summed ion mass spectrum, which was exported 
into a spreadsheet where the data from the original spectrum was represented by nominal mass to 
charge from 40-400 and the respective summed intensities.  The data was normalized for each 
replicate by dividing the intensity as each ion value by the total summation of the all the 
intensities for that replicate, so that the normalized date would be equal to one when summed.     
 Comparisons can be made between two replicates by calculating the absolute value of the 
differences between normalized data at each nominal mass to charge ratio.  These values are then 
summed and divided by two (Equation 19). 
 
𝑫 =
  𝑵𝟏 𝒊 − 𝑵𝟐 𝒊  𝒊
𝟐
   (19) 
 
The values of D can range from zero, indicating the two spectra are completely identical to one, 
indicating that the two spectra are completely different [41].  Instrumental variations will 
produce small variations in the replicate spectra originating from a single sample.  The average 
distance between replicate analyses from the same sample (𝐷 SS) and the average distance 
between different analyses (𝐷 DS) can be compared using a standard t-test.  The results of the t-
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test will determine if the average D values are different, and thus if the corresponding samples 
are different.  For example, Sample A would consist of three replicate analyses (A1, A2, and 
A3).  Likewise, Sample B would consist of three replicate analyses (B1, B2, and B3).  Distances 
calculated from the same sample would result in six distance values, three from A and three from 
B (DA1,A2, DA1, A3, DA2,A3, DB1,B2, DB1,B3, and DB2,B3).  The average distance from the same 
sample (𝐷 SS), is calculated by averaging all six same sample values.  This is applicable since 
each D values represents the distance between replicate measurements of samples from a 
common origin and establishes an estimate of the variance that is to be expected from replicate 
analyses.  The comparison of Sample A (all three replicates) with Sample B (all three replicates) 
would result in nine distance values (DA1,B1, DA1,B2, DA1,B3, DA2,B1, DA2,B2, DA2,B3, DA3,B1, DA3,B2, 
and DA3,B3) which are averaged together to yield an average distance from different samples 
(𝐷 DS).  The average distances (𝐷 DS) for pairwise comparisons between two samples are reported 
in Figure 33.  The comparison of the mass spectra from the extracted oils between C-4 samples 
#33 and #123 resulted in the smallest distance (blue).  The comparison of the mass spectra from 
the extracted oils between C-4 samples #124 and #125 resulted in the largest distance (red).  
 
Figure 33: The average calculated distances from nine pairwise comparisons two C-4 
samples 
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𝒕 =










 (20)   
 


























  (21) 
 
Equation 20 shows the equation for calculating the t statistic.  This equation is 
appropriate when comparing two data sets with differing number of points and with unknown 
population variances with the possibility of population variances being unequal.  Once the t 
statistic is calculated it is compared to t critical at the respective degrees of freedom, which can 
be calculated by Equation 21, where 𝐷 SS and 𝐷 DS are described above, sDS and sSS are the 
standard deviation of the samples, and nDS and nSS are the number of distance values in each 
respective data set [41].  If the t calculated value is larger than the t critical value at the 
calculated degrees of freedom for a specific confidence level, then the null hypothesis must be 
rejected.  This means that the samples can be distinguished with statistical confidence.  If the t 
calculated value is smaller than the t critical value at the calculated degrees of freedom for a 
specific confidence level, then the null hypothesis must be accepted.  This means that the two 
samples cannot be distinguished with statistical confidence. 
 Twenty-eight pairwise comparisons were made, calculating the 𝐷 SS and 𝐷 DS for each pair 
and subjecting them to t-test.  Comparisons of t calculated to t critical at an α value of 0.05 were 
conducted, and the subsequent interpretations of the null hypothesis are reported in reported in 
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Figure 34.  A “1” at an interesting cell indicates that the two C-4 samples can be distinguished 
and a “0” indicates that the pair of samples cannot be distinguished.   
  
Figure 34: Discrimination of C-4 by analysis of the processing oils by EI-DEP-MS. 
 
The overall discriminating power of this technique for the analysis of the process oil component 
of C-4 at a 95% confidence is 75%.  Unlike previous work, where discrimination of C-4 based 
on the analysis of the processing oils was determined visually and without statistical support, this 
research provided a rapid method for discrimination based upon statistical analysis with known 
statistical certainty.   
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CHAPTER 6: LASER INDUCED BREAKDOWN SPECTROSCOPY (LIBS) 
General Background 
 Laser induced breakdown spectroscopy (LIBS) is an atomic emission technique that has 
been around since the 1960’s.  However, it’s analytical capabilities were not fully recognized 
until the 1980’s.  LIBS is an atomic emission technique that has been applied for the 
determination elemental composition, and to a lesser extent, has been used for quantitation [42].  
LIBS, like other atomic emission spectroscopy (AES) techniques, has the ability to analyze a 
variety of matrices including solids, liquids, and gases.  Unlike other AES techniques, LIBS 
offers many advantages such as small sample size, little to no sample preparation, and it is a 
relatively non-destructive technique.  Conversely, the disadvantages reported are that its 
accuracy, precision, and detection limits have been demonstrated to be less than satisfactory [42].  
Poor reproducibility of shot-to-shot spectra can be attributed to several sources including laser 
instability, a change in the lens to sample distances, matrix effects, and atmospheric conditions 
[43].    
 Since LIBS is an AES technique, it follows the basic steps common with all AES 
techniques: atomization/vaporization, excitation, and detection of emitted light.  In LIBS, the 
atomization/vaporization is created by a high-power focused laser pulse.  When a laser pulse of 
sufficient energy density strikes the surface of the sample, the surface temperature increases 
beyond the vaporization temperature.  This causes the underlying material to reach critical 
temperatures and pressures, causing dielectric breakdown of the surface.  The ablated material, 
which is composed of particles, free electrons, and highly ionized atoms, expands at velocities 
exceeding the speed of sound producing a shockwave in the surrounding atmosphere [43].  As 
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the plasma cools, the atoms present in the plasma will emit light at characteristic wavelengths 
within the spectral region of 200-950nm.  The emission lines are recorded approximately 5 μs 
after the laser pulse.  
 The LIBS instrument used in this research was an Ocean Optics LIBS2000+ equipped 
with a 1064 nm output Big Sky laser with a pulse width of 9 ns.  Emissions were collected by a 
fiber optic bundle connected to seven linear charged coupled devices (CCD).  The LIBS 
instrument used consisted of a plastic box collection chamber with an adjustable x-y translation 
stage.  A 7 cm focal length lens adjustable along the vertical z axis, accommodated varying 
sample thicknesses.  The fiber optic collection lens was held at a constant distance from the 
focusing lens, independent of adjustments made to the z axis.  Data collection and manipulation 
were performed using the Ocean Optics OOILIBS software and Microsoft Excel, respectively.       
 
Methods for Analysis 
Homogeneous Samples 
 Prior to the analysis of the heterogeneous blasting agents, the parameters of LIBS such as 
variation with changing atmospheric conditions and spectrum-to-spectrum reproducibility were 
explored by interrogating “homogeneous” samples.  Glass microscope slides and copper tape 
were used to explore the above parameters.  All microscope slides originated from a common 
box of slides to minimize variation and when possible, the same microscope slide was used 




 Reproducibility of the LIBS technique was examined.  The focus of this examination was 
to determine if the number of laser pulses comprising an average spectrum had an influence in 
the correlation of a sample.  Copper tape was adhered to a glass microscope slide.  The 
experiment was conducted in ambient atmospheric conditions, with a laser pulse energy of 
approximately 61.5 mJ, 1000 ms between laser pulse, and a Q-switch delay time of 2.5 μs.  
Spectra at 100, 50, and 25 laser pulses were collected, moving to a new location on the copper 
tape after every laser pulse.  The replicate spectra were averaged.  The full spectral correlations 
of the intensities at each diode in the CCD array were calculated for pairwise comparisons.  If the 
two spectra compared were exactly the same, the resulting linear equation would have a slope 
equal to one and a coefficient of determination (R
2
) equal to one.  
 
Results and Discussion 
 Overlaying the spectra collected from the copper tape (Figure 35) shows that the 100, 50 
and 25 laser pulse averages are very similar, showing slight variation in intensities.  Figure 36 
shows the full spectral correlations from the three pairwise comparisons (100 v. 50, 100 v. 25, 
and 50 v. 25).  The coefficient of determination for these comparisons decrease as the total 
number of shots in the pairwise comparisons decrease.  For example, comparing the spectrum 
generated by averaging 100 laser pulses with  the spectrum generated by averaging 50 laser 
pulses, results in a total of 150 laser pulses between the two spectra.  The R
2
 value of for this 
comparison is 0.998, which is greater than the R
2 
value for the comparison of 100 laser pulses to 
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25 laser pulses (total of 125 laser pulses), which is greater than the R
2
 value for the comparison 
of 50 laser pulses to 25 laser pulses (total of 75 laser pulses).     
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Glass Microscope Slides 
 The effects of atmospheric conditions on correlation were examined.  Spectra were 
collected at 250, 200, 150, 100, 50, 25, 10, and 5 laser pulse averages under three different 
atmospheric conditions, ambient atmosphere, constant Argon flow, and a 30 second Argon 
purge.  For the ambient atmospheric conditions, the chamber door was opened after each set of 
averaged laser pulses.  This allowed for “fresh” ambient air to fill the chamber.  Likewise, with 
the 30 second Argon purge atmospheric conditions, the chamber door was opened after each 
analysis, allowing for fresh ambient air to fill the chamber.  The chamber door was then closed, 
and the Argon gas turned on for 30 seconds.  After 30 seconds, the gas was turned off and data 
collection immediately followed.  For the third atmospheric condition, Argon gas was introduced 
into the chamber throughout the data collection time.  All data was collected with a laser pulse 
energy of approximately 61.5 mJ, 1000 ms between laser pulse, and a Q-switch delay time of 5 
μs.  The glass slide was rastered, moving to a new location on the glass slide after every laser 
pulse.  Full spectral correlations were made comparing the 250 laser pulse average to all 
subsequent averages for each atmospheric conditions.  The coefficient of determination for each 




Figure 37: The effects of atmospheric conditions on full spectral correlation. 
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Results and Discussion 
 The ambient atmospheric condition resulted in consistent coefficients of determination 
(Figure 37) ranging from 0.9428 to 0.9995.  The full spectral correlations for the data collected 
in the constant Argon flow atmospheric condition yielded R
2
 values that decreased with 
decreasing numbers of averaged laser pulses.  The full spectral correlations for data collected 
with a 30 second Argon purge resulted in R
2 
without any noticeable trends.  The R
2 
values for 
this atmospheric condition range from a high of 0.9825 to a low value of 0.3848.  This variation 
might be attributed to the fact that of the three atmospheric conditions, purging the LIBS 
chamber for 30 seconds would seem to provide the least stability in atmospheric conditions.  
Subsequent LIBS analyses were conducted in ambient atmospheric conditions. 
 
Heterogeneous Samples 
Blasting Agents  
Twenty-two heterogeneous blasting agents were analyzed by LIBS.  The samples were 
obtained from a single manufacturer.  The samples were labeled with an arbitrary number, used 
solely for the purpose of identification of the samples (#96, #97, #98, #99, #100, #101, #102, 
#103, #104, #105, #106, #107, #108, #109, #110, #111, #112, #113, #114, #115, #116, and 
#119).  Many of the above samples share a common MSDS (Material Safety Data Sheet).  All 
twenty-two samples are heterogeneous in composition; however, the heterogeneity varies 
greatly, ranging from what can be described as “chunky” and very heterogeneous to those that 
can be described as relatively “smooth” and less obviously heterogeneous in composition.  
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Figure 38 shows this range.  Blasting agents labeled “102” and “103” are chunky with large 
nitrate prills, while “97” is very smooth and less heterogeneous in makeup.   
 
Figure 38: Image of five blasting agents illustrating the varying degrees of heterogeneity.  
 
For analysis by LIBS, each blasting agent was smeared onto a copper support.  Copper was 
chosen as a support because it is not an element commonly found in blasting agents and therefore 
any copper identified in the spectrum could be determined to have originated from the support.  
The copper support with the sample smear was placed onto the stage in the sample chamber of 
the LIBS unit.  The z direction was optimized prior to analysis, and was held constant during 
data collection.  Likewise, the q switch delay was optimized prior to analysis.  To determine an 
optimal q switch delay time that was best for a majority of the samples, ten samples chosen at 
random were smeared onto a copper support.  Data was collected (10 shot average) for each 
sample at three different q switch delays (5 μs, 10 μs, and 15 μs).  The resulting spectra were 
rated based on peak intensity, the absence of a continuum, and number of peaks.  It was 
determined that a q switch delay time of 5 μs resulted in quality spectra for the majority of the 
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samples selected at random.  All data was collected in ambient atmospheric conditions with a 
laser pulse energy of 61.5 mJ.  
Due to the heterogeneity of the samples (some more than others), spectral averaging was 
utilized, increasing the probability that the resulting spectrum for each sample is representative 
of the total sample composition.  Two hundred fifty laser pulse spectrum were collected for each 
sample, each pulse analyzing a new location of the smear.  After two hundred fifty laser pulses, 
the computer software then averages each individual spectrum.  The twenty-two different 
blasting agents were all analyzed within the same day.  The analysis was repeated three weeks 
later.      
 
Results and Discussion 
Full Spectral Correlations 
 Full spectral correlations were conducted resulting in 231 pairwise comparisons for each 
complete data set.  The coefficient of determination for each comparison was recorded.  These 
ranged from 0.0165-0.9980 for the first data set and 0.0101-0.9987 for the second data set.  The 
comparison resulting in the lowest coefficient of determination was the same in both data sets 
(comparison between #110 and #119).  However, the comparison resulting in the highest R
2
 was 
different for each set of data (#98 and #100 for the first data set and #102 and #103 for the 
second data set).   
 Full spectral correlations were conducted for the same samples from the two data sets 
(collected three weeks apart).  The coefficient of determination for each same sample 
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comparison is reported in Table 22.  These values range from 0.8470-0.9934 (#116 and #108 
respectfully).   
Table 22: Coefficient of determination (R
2
) values for same sample comparisons collected 
three weeks apart. 
 
 
 The pitfall of using coefficients of determination to establish similarity between two 
samples is that it is heavily influenced by the thousands of baseline intensities.  This causes the 
correlation between the two samples to be weighted by the baseline and not the peaks unique to 
the spectrum of each sample.   
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Principal Components Analysis (PCA)   
As mentioned in Chapter 2, PCA is a statistical method that allows for a reduction in 
variables.  It is useful when there is believed to be a large redundancy in the data being analyzed, 
meaning that there are some variables that are correlated with one another possibly because they 
are measuring the same thing.  To prepare for PCA by SAS, the data from the blasting agents 
were exported into an Excel spreadsheet, resulting in a matrix in which the columns are the 
twenty-two blasting agents (observations), and the rows are the spectrum segmented into 13,692 
wavelengths (variables).  Where the rows and columns intersect is the absolute intensity for that 
specific blasting agent at that specific wavelength.  Due to the large number of variables, the data 
was unable to be evaluated by SAS.  The original data represented the visible spectrum as 13,692 
divisions.  In the same respect that the visible spectrum can be divided into smaller regions 
(larger number of divisions), it can also be divided into larger regions (smaller number of 
divisions).  Each variable was the result of the summation of the absolute intensities of 2,282 of 
the original variables.  The result was a more manageable matrix consisting of 22 observations 
and 6 variables.    
Principal component analysis is usually conducted in a series of sequential steps.  At 
various points throughout the analysis, subjective decisions must be made.  The first decision 
that must be made is whether to use a covariance matrix or a correlation matrix.  This decision 
can be made by looking at the simple statistics, which SAS generates as part of the analysis.  The 
covariance matrix should be used when the range in variable standard deviation is relatively 
small.  Conversely, the correlation matrix should be used when the range in variable standard 
deviation is relatively large.  The simple statistics generated from the principal component 
analysis (Table 23) show a significant range in the variable standard deviation (796-17,007).  
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This range suggests that the correlation matrix (Table 24) is better suited for this dataset than the 
covariance matrix. 
Table 23: Simple Statistics for the blasting agents. 
   
 
Table 24: Correlation matrix for the blasting agents. 
 
 
There are several methods to determine the number of principal components necessary to 
adequately represent the data in a meaningful fashion.  One of the commonly used criteria is the 
Kaiser-Guttman criterion, also known as the eigenvalue-one criterion.  This criterion states that a 
principal component should be retained for interpretation if the eigenvalue is greater than one 
[22].  The eigenvalues for the dataset are reported  in Table 25.  Using the Kaiser-Guttman 






Table 25: Eigenvalues and cumulative percent of total variance accounted by each variable 






Figure 39: Scatter plot of the principal component 1 and principal component 2 for the 
analysis of the heterogeneous blasting agents. 
 
Hierarchical cluster analysis was used to help interpret the scatter plot above.  There were 
several methods to choose from, however, the Gower’s median method was chosen.  This 
method is essentially a weighted centroid method.  In the Gower’s median method, the most 
recently joined cluster or element is weighted equally to all previously merged members of the 












Figure 42: Scatter plot with cluster analysis groupings indicated by the ellipses. 
 
Using the Gower’s median method, the data is separated into four groups at a median distance of 
0.5 (Figure 41).  Figure 42 shows the original scatter plot (principal component 1 vs. principal 
component 2) with the groupings resulting from the cluster analysis.  With a few exceptions, the 
clusters generated by this method seem to group the data based upon degree of heterogeneity.  
No other correlation between samples and clusters could be made.  For example, no correlation 
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could be made between cluster and sample color (not to be expected, the chemical makeup of the 
organic dyes all contain the same atoms just in different numbers), and no correlation could be 
made between clusters and known chemical components.  Principal component analysis (PCA) 
used in conjunction with cluster analysis has shown to be a promising method that can be used to 
analyzed the massive amount of LIBS data generated by the twenty-two heterogeneous blasting 
agents in this research.  
 
Library Searches: Receiver Operating Characteristic (ROC Plots) 
 The possibility of constructing a library and being able to search that library over time 
was explored.  The two complete data sets of 250 laser pulse averages collected three weeks 
apart were used to assess the possibility of creating a database.  The forty-four spectra were 
imported into an Excel spreadsheet.  Each spectrum was normalized on a scale of zero to one.  
One complete data set was entered into a library.  The second complete data set was then 
compared to the library.  Comparisons were made based upon Euclidian distances, Equation 22, 
where Lib is the library entry and Unkn is the unknown spectrum.  Euclidian distance, also 
known as the Hit Quality Index (HQI), is an algorithm commonly used for performing optical 
library data searches.  The distances of an unknown sample to a library entry is essentially a 
normalized least squares dot product on the unknown.   
 
𝑯𝑸𝑰 =   𝟐  ×    𝟏 −  
 𝑳𝒊𝒃 ×𝑼𝒏𝒌𝒏 
 𝑳𝒊𝒃 ×𝑳𝒊𝒃 𝑼𝒏𝒌𝒏 ×𝑼𝒏𝒌𝒏
  (22)    
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Using Equation 22, the best match would result in an Euclidian distance of “0,” and the worst 
match would have a corresponding distance of  “1.41421.”  
 A 22 by 22 matrix was constructed, consisting of 22 diagonal comparisons (same 
sample), and 462 off diagonal comparisons (different samples).  Intersecting cells within the 
matrix contained the Euclidian distance for the Library/Unknown comparison for the two 
samples.  The twenty-two same sample comparisons were examined to determine the number of 
correct “hits” made by searching the library (Figure 43).  The cells highlighted in green along the 
diagonal indicate that a correct match was made when samples were compared to the library 
spectra.  The cells highlighted in gray indicate an incorrect match was made when the samples 
were compared to the library.  The library correctly identified 36.36% of the twenty-two same 
sample comparisons.    
 
Figure 43: The HQI for same sample comparisons.  
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  The 484 Euclidian distances calculated were subjected to receiver operating characteristic 
(ROC) analysis to evaluate if the results of searching a spectral library generated by LIBS are 
greater than random chance.  The analysis determines the probability that sequences are 
homologous based on similarity scores generated by comparisons.  Those Euclidian distances 
closer to zero indicate a strong match and the strength in the match decreases as distances 
approach 1.41421.  In terms of Euclidian distances, completely homologous sequences would 
have smaller distances for same sample comparisons (the true positive fraction) and distances for 
different samples (the true negative fraction) would be larger than the largest true positive 
fraction.  Meaning that if all pairwise comparisons were sorted in ascending rank order and 
identified as either a true positive fraction or a true negative fraction, in a completely 
homologous sequence, the true positive fractions should come before any of the true negative 
fractions.   
 Receiver operating characteristic analysis (ROC) has been used in clinical applications as 
a way to evaluate the usefulness diagnostic tests and to determine proper cutoff thresholds.  ROC 
analysis evaluates the sensitivity and specificity of sequence comparisons.  It is evaluated by 
means of a plot of the true positive fraction (sensitivity) and true negative fraction (1-specificity) 
using a continuously varying decisions threshold [44].  Plots are generated by classifying each 
datapoint as positive or negative depending upon the outcome and plotted in rank order of the 
diagnostic measure (the Euclidian distance).  ROC plots make it possible to determine if 
sequences are homologous or not homologous.  The area under the ROC curve measures the 
probability of correct classification.  The plot of a completely homologous sequence, and 
therefore a diagnostic with good discrimination, would have all true positive fractions plotted 
first (y-axis) before any of the true negative fractions (x-axis) are plotted, resulting in an area 
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under the curve equal to one.  Datapoints indicating a completely non-homologous sequence 
would have true positive fractions distributed throughout the true negatives resulting in an area 
under the ROC plot equaling 0.5 with a slope of one.    
 The 486 Euclidian distances calculated above for the blasting agents were placed into 
ascending rank order and identified as being either true positive fraction (22) or true negative 
fraction (462).  A ROC plot for the data was constructed (Figure 44), with an area under the 
curve of 0.88.  Meaning that a sequence chosen from the positive group has a probability of 0.88 
of lower Euclidean distance than a sequence chosen from the true negative group [44].  Figure 45 
shows the histogram for the 486 distances in rank order.  The filled circles are the 22 true 
positive and the unfilled circles are the 462 true negative.  The ordinate is in Figure 45 is the 
Euclidian distances (0-1.41421).     
 137 
 
Figure 44: Receiver operating characteristic (ROC) plot of the 484 pairwise comparisons. 
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Figure 45: Histogram of the Euclidian distances for the 486 pairwise library to unknown 




CHAPTER 7: CONCLUSIONS AND FUTURE WORK  
Conclusion 
C-4 Discrimination 
 The overall discrimination of the nine C-4 samples was determined by combining the 
results of the ANOVA and Tukey HSD tests for ESI-MS-SIM, GC-MS-SIM, GC-MS, for the 
analysis of RDX and HMX ratios and DEP-MS analysis of the processing oils.  Figure 46 reports 
the overall pairwise discrimination for the C-4 samples used in this analysis. 
 
   
Figure 46: The overall discrimination of the thirty-six pairwise C-4 samples comparisons. 
 
Table 26: The overall discrimination percentages based upon the number of discriminatory 
techniques. 
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The number located within the cell of two intersecting samples (pairwise) represents the number 
of techniques that can discriminate the two samples with 95% confidence.  A “1” (green) 
indicates that the two samples are successfully discriminated by one of the four methods, etc.  
The discrimination percentages are reported in Table 26, with 86.11% of the C-4 samples being 
discriminated by at least one method, 58.33% of the C-4 samples being discriminated by at least 
two methods, 44.44% of the C-4 samples being discriminated by at least three methods, and 
25.00% of the C-4 samples being discriminated by all four methods.   
 The analysis of the processing oils by DEP-MS resulted in the greatest discrimination 
percentage (75%).  Four out of the five pairwise comparisons that were not discriminated in 
Figure 46 contained C-4 sample #57.  The processing oils from this sample were not analyzed by 
DEP-MS, the method resulting in the greatest discrimination.  Removing sample #57 from the 
overall discrimination results in twenty-seven out of the possible twenty-eight pairwise 
comparisons discriminated (Figure 47), increasing the overall discrimination power for at least 
one method to 96.43% (Table 27). 
   
   
Figure 47: The overall discrimination of the twenty-eight pairwise C-4 samples 
comparisons (without C-4 sample #57).   
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Table 27: The overall discrimination percentages based upon the number of discriminatory 
techniques (without C-4 sample #57). 
     
 
 DEP-MS was the only technique used for the analysis of the processing oils in C-4.  
However, three techniques were used to determine the discrimination of C-4 based upon the ratio 
of RDX to HMX (GC-MS- SIM, NICI-GC-MS, and ESI-MS-SIM).  However, conducting all 
three of the above analytical techniques would not be practical.  Thus the overall discrimination 
was calculated for each of the three techniques used for determining the ratio of RDX to HMX in 
conjunction with the results for the pairwise comparisons the processing oils (Table 28).  The 
best discrimination was achieved using GC-MS-SIM (quadrupole) and DEP-MS, giving a 
92.86% overall discrimination.       
Table 28: Overall discrimination (percents) for the analysis of the processing oils 
component in C-4 with the analytical techniques used to determine the ratio of RDX to 
HMX (without sample #57). 
 
 
   
Analysis of Commercial Blasting Agents by LIBS 
The results from the homogeneous analysis of copper and glass microscope slides 
explored parameters such as spectral averaging, correlation, and atmospheric conditions.  Using 
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homogeneous samples to evaluate the above parameters allowed for a more controlled 
environment than using heterogeneous samples.      
The analysis of commercial blasting agents has demonstrated that LIBS is potentially a 
viable technique for rapid classification of blasting agents by principal component analysis.  This 
research has also demonstrated the possibility of creating a spectral library and the ability of 
correct matches when searching.  The results from the ROC analysis demonstrated that a 
sequence chosen from the positive group has a probability of 0.88 of scoring higher than a 




 Limitations of this research were that a small number of samples were analyzed and that 
the origins of the samples were unknown.  An assumption was made that all of the C-4 samples 
used originated from different lots, therefore making discrimination possible.  Future work 
would include repeating this research using a larger number of C-4 and samples with known 
origins.  Of particular interest would be C-4 originating from the same manufacturer from 
different lots, C-4 from the same lot that is collected from different blocks, C-4 from the same 
manufacturer stored for various lengths of time, and samples from different manufacturers.  Also 
of interest would be the origins of the processing oils.  Reardon and Bender reported that at 
Holston Army Ammunition Plant (AAP) a single lot of processing oils can expand a single lot of 
C-4 and vice versa.  This would also lead to the possibility for discriminating samples originating 
from the same lot, making the origins of the samples pertinent to the analysis.  Future work 
 143 
should also include IRMS to determine if discrimination between different C-4 samples can be 
achieved, based upon variations in the stable isotope ratios. 
 
Analysis of Commercial Blasting Agents by LIBS 
The forensic application of LIBS is a relatively new technique.  Future work in this area 
includes more studies on sampling techniques for heterogeneous samples as they apply to LIBS 
analysis.  Sampling biases are likely to occur (unintentionally) at every stage of the analyses, 
including selecting a subsample for analysis, subsample preparation, and during data collection 
when rastering the sample.  A method to reduce these biases in heterogeneous samples would 
likely influence the results of the analysis. 
The analysis of heterogeneous samples, such as commercial blasting agents, by LIBS 
might be improved by using a cylindrical lens.  A study conducted on heterogeneous soil 
samples demonstrated a reduction in RSD when using a cylindrical lens rather than a spherical 
lens for the analysis of Pb and Ba [42].  The spherical lens (the lens used in this research) focuses 
the laser pulse creating a circular shape with a diameter of approximately 200 μm.  The laser 
diameter is smaller than many of the particles (prills and microballoons) commonly encountered 
in the blasting agents, and therefore the resulting spectrum would be of that component only, and 
not representative of the sample.  However, the cylindrical lens focuses the laser pulse into long 
thin rectangular areas.  This would allow better probability of collecting spectra that are more 
representative of the sample and might decrease laser pulse averages needed to produce a 
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